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ABSTRACT 
A Novel Approach to the Synthesis of Layered Structures 
 
The synthesis of pure layered clay minerals has to be evaluated at low temperatures, 
pressures and short reaction times to scale up to commercial processes.  However, it has been 
discovered that under such reaction conditions, reactions experience considerable difficulties.  
Such difficulties include low yields of products that occur with associated other minerals, and 
long reaction times.  Thus, the synthesis of synthetic clay minerals is commonly approached 
by the hydrothermal technique, which involves the crystallization of substances at high 
vapour pressures and temperatures.  However, the employment of the hydrothermal technique 
is time- and water consuming, thus, the need for an energy-saving and reaction accelerating 
process method.  In the work presented here particular interest is paid to the synthetic layered 
clay mineral pyrophyllite, which is used as a pressure transmitting medium in the making of 
synthetic diamond.  As opposed to the hydrothermal technique, this work adopts the synthetic 
method resin gel for the synthesis of these layered materials.  Preliminary results by Loren 
Purcell have shown that the resin-gel synthesis method has been able to make apparently 
layered materials that appear to have a thermal gravimetric profile that indicates a gradual 
mass loss of both surface and structural water.  The work presented here reproduces these 
results and further explores other Si\Al ratio’s, silica and alumina precursors for the synthesis 
of pyrophyllite-like materials and the different heating methods of the gels.  Transmission 
electron microscopy (TEM) shows that irrespective of the synthesis conditions sheet-like or 
platy crystals are formed.  Scanning electron microscopy (SEM) confirms on the TEM 
observations and shows that the surface texture of the crystals has a compact appearance.  
Thermal gravimetric analysis (TGA) of the materials confirms on previous observations from 
preliminary results, materials indicate both adsorbed surface and interlayer water.  Powder X-
ray diffraction (PXRD) is inconclusive of the determination of phase pure pyrophyllite.  
Furthermore, Brunauer-Emmett-Teller (BET) reveals that the materials are mesoporous solids 
and the materials were also characterised by DSC, Raman and HRTEM.           
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1 Introduction 
1.1 Background of layered structures  
Layered clay minerals have been known to, and used by, human beings for various 
applications since prehistoric civilization. This is due to their existence across the globe and 
the great diversity of reactions they carry out in nature. Depending on their specific properties 
and layer structure, clay minerals can be used for specific applications (Zhang et al., 2010). 
Clay minerals are extensively used as fillers in rubber, plastics, paper, cosmetics, soap and 
paints. Further they are widely used in many kinds of ceramics, such as porcelain, bricks and 
tiles (Zhang et al., 2010). 
Despite the presence of clay minerals across the globe, these natural occurring minerals suffer 
from a few drawbacks (Bergaya and Lagaly, 2006). Clay minerals often contain impurities or 
non-phyllosilicate minerals (minerals that do not impart plasticity to clay) referred to as 
accessory minerals or non-clay constituents. Following the recommendation of the joint 
nomenclature committees (JNCs) these minerals are preferably called associated minerals and 
include minerals such as feldspars, carbonates and quartz with hydroxides of iron and 
aluminium (Guggenheim and Martin, 1995). Because these minerals are closely associated 
with the clay, as the name suggests, they influence the properties and behaviour of the clay 
and interfere with the identification of the minerals (Bergaya and Lagaly, 2006). 
Furthermore, the random mineralogical composition in clay minerals limits the use of clays, 
for example in the ceramics industry. 
However, clay minerals that are pure and homogeneous in composition and particle size can 
be obtained through controllable synthesis (Zhou, 2010). Synthetic clay minerals allow 
control of the amount and type of heteroatoms in the layers and hence the amount of 
isomorphous substitutions in the synthetic solids (Zhou, 2010). Thus, synthetic clay minerals 
are preferred in applications requiring high purity instead of natural-occurring counterparts.   
Much work has been done on synthetic clay minerals, hence many synthetic clay minerals 
have been synthesized in the laboratory. This includes the making of the following synthetic 
clay minerals: 
• pyrophyllite-talc-like (Lantenois et al., 2007), 
• chlorite-like (Murakami et al., 1999), 
• kaolin-serpentine-like (Choi et al., 2009; Fialips et al., 2000),  
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• vermiculite-like (Inoue, 1983),  
• smectite-like (Yamada et al. 1991),  
• mica-like Baronnet et al., 1976), 
• and even interstratified clay mineral-like materials (Bailey, 1982). 
In the making of synthetic clay minerals, researchers observed that in order to get desired 
synthetic clay minerals the synthesis conditions play an important role in the nucleation, 
growth and crystallization of these materials (Zhou, 2010). High pressure hydrothermal 
technique was mostly employed in these previous works. Details on the synthesis of these 
clay minerals will be discussed in the following chapter.   
 
Recently, science and technology of clay minerals has ignited great interest on clay minerals 
and have made contributions to human society. This is seen through the invention and use of 
clay minerals as naturally occurring nanomaterials based on their nano-sized interlayer space 
and nano-sized layers (Zhou et al., 2006). Layered clay minerals can adsorb various species 
and nanoparticles into their interlayer spaces. The resulting great number of functional 
materials (intercalation compounds) produced, such as nanotubes and clay mineral-based 
films have shown attractive properties and have been extensively investigated (Zhou et al., 
2004).  
More specifically, these functional materials have shown a great variety of applications in 
catalysis, environmental remediation and fuel cells. Further research on these functional 
materials shows that due to intercalant-layer and intercalant interactions, the intercalants are 
organized into ordered molecular assemblies in the interlayer nanospace, Figure 1.1 below 
shows the tendency of OS ions to arrange vertically to the silica layer in the interlayer 
nanospace (Yao et al., 2005). In order to create intercalation materials with expected 
properties, the organization of intercalants in the interlayer space with an appropriate 
chemical and physical environment has to be controlled. Attempts have been reported on 
trying to modify the interlayer space of clay minerals in order to obtain expected intercalation 
compounds (Yao et al., 2005). Because they have their own intrinsic layer structure, the 
possibility of designing the physical and chemical environment of the interlayer space is 
limited (Yao et al., 2005).  
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Figure 4.1: Schematic of interlayer structure of ATMS intercalated with OS ions. ATMS – 3-
aminotrimethoxysilane. From Yao et al., 2005.  
Clay minerals that are incorporated with polymers to form polymer-clay nanocomposites 
have also received great attention. The resulting nanocomposites provide significant 
improvements over pure polymers used in the industry, such as improved mechanical 
properties, reduced permeability, increased toughness modulus and reduced linear thermal 
expansion (Chastek et al., 2005). Blending clays directly into polymer melts to form these 
nanocomposites has a few limitations (Chastek et al., 2005). Firstly, miscibility between the 
non-polar polymers and commercially available clays is poor. This is a limitation on the 
dispersion and degree of exfoliation of the commercial clays. Secondly, the preparation of the 
commercial organically modified clays from natural clays through the cation exchange 
process limits the amount of organic groups that can be inserted into the clay layers. 
Furthermore, natural impurities that remain in the clay affect the properties of the resulting 
nanocomposite. Thirdly, the melt blending process is done at high temperatures, and this 
introduces high shear rates that result in a loss of the organic modifier and degradation of the 
polymer. To overcome the limitations of natural clays in commercial applications, synthetic 
clays are used preferentially to natural clays. This eliminates the natural impurities and cation 
exchange problems experienced with natural clays (Chastek et al., 2005). 
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The synthesis of polymer nanocomposites mostly use quaternary ammonium salts as 
intercalating agents. However, polymeric quaternary ammonium salts and copolymers have 
also been used as intercalating agents. Zampori et al. have described the use of polyethylene 
glycol (a non-ionic surfactant). Other researchers have suggested self-assembly of 
hydrophobic macromolecular dendrons in the interlayer space of montmorillonite synthesises 
organic/inorganic nanohyrids. De Paiva et al. used functional organic compounds, such as 
biomolecules, crown-ethers, silanes, porphyrins, phosphonium salts, cryptand, 
pentaerythritol, anhydrides and n-alkyl pyrrolidones as intercalating guest species by ion 
exchange processes or in-situ synthesis.  
Amongst others, three papers have been concerned with another use of clay mineral-based 
composites and the fabrication of hierarchical materials. Novel transparent clay mineral-
based films with good water resistance and thermal resistance have been developed by 
Kawasaki et al. These materials were produced between synthetic saponites and 1-ethyl-3-
methyl imidazolium bromide by ion exchange. The second paper by Choi et al. reports the 
intercalation of organic clay minerals to form hybrids of copolyimides (Co-PI). The resulting 
hybrid films show linearly improved initial tensile modulus, because of the rigidity and 
stiffness of the clay. Another good property of these hybrid films is the UV transmittance that 
is above 90% at 450 nm, which suggests that these films have excellent optical properties. 
The third paper by Anadao et al. discusses preparing nanocomposite membranes that contain 
polysulfone and Wyoming sodium montmorillonite by a combination of solution dispersion 
and immersion. Results regarding this work show that the resulting membranes have adjusted 
morphology, thermal, mechanical and hydrophilic properties.  
As there has been a global concern regarding energy consumption and climate change, there 
is an interest in the interaction between greenhouse gases (e.g. CO2) and clay-based materials. 
Soares et al. and other researchers have been interested in the capture of CO2 using clays. An 
attempt by Azzouz et al. leads to composites with weak interactions with CO2, where they 
intercalated a polyol dendrimer into a cationic clay mineral (montmorillonite). The 
montmorillonite-polyol composites are good for the reversible capture of carbon dioxide. 
Further work by Azzouz et al. reveals that a greater CO2 retention than predicted 
stoichiometrically may be attributed to the physical interactions between the OH groups and 
CO2.  
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Another class of clay mineral-based functional materials are the pillared clay minerals. Zhou 
et al. synthesise nanoporous silica/alumina clay composites through an in situ gallery-
template methodology.  This method proves to form composites with an improved acidity in 
comparison to others prepared by analogous procedures. More work on pillared clay minerals 
by Sivaiah et al. documents the preparation of polyaluminum by microwave-assisted 
homogeneous hydrolysis of aluminium with urea. Several challenges arise during 
intercalation. Such challenges include: the destruction of the intralayer structure; turbostratic 
arrangement of the layers; and the existence of disordered intercalating species in the 
interlayer region. Further studies show that these problems can be overcome by choosing 
good starting layered materials and using suitable preparation techniques. These findings are 
proven by Breu et al., who derive 3-dimensionally ordered pillared layered materials from 
synthetic Cs-hectorite by intercalation of diprotonated 1,4-diazabicyclo[2.2.2]-octane. Breu et 
al. find that the stacking order is retained after pillaring and a 2-dimensional long range order 
of the pillars occurs. 
Less common clay minerals known as layered double hydroxides (LDHs) (synthetic analogue 
of hydrotalcite) constitute another class of layered materials. LDHs can be synthesised by 
several synthetic procedures such as: hydrothermal crystallization, co-precipitation, 
calcinations-rehydration and ion exchange (Zhou, 2010). These materials have received much 
attention as they possess a few advantages over synthetic clay minerals and layered silicates. 
LDHs have structural homogeneity that can be adjusted during their synthesis, and based on 
different choices of metal and interlayer anions they have a wider range of chemical 
compositions of the layers. Developments in LDHs also include the synthesis of LDHs 
nanoparticles which have great potential in the biological field (Ladewig et al., 2009).  
All the work discussed above suggests a picture of the research done on synthetic clay 
minerals and clay-based materials. Synthesis of such materials with well-designed features 
and practical applications are major challenges. The synthesis of clay minerals, clay-based 
materials and LDHs not only brings better understanding to the chemistry of materials, but 
also introduces potential new applications.     
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1.2 Aims 
1.2.1 Subject of and motivation of research  
Synthetic layered clay minerals can be made to promote specific properties for various 
applications (Zhang et al., 2010). The synthesis of these layered clay minerals has yet to be 
evaluated at low pressures and short reaction times, with the potential to scale up to 
commercial processes. It has been discovered that under such reaction conditions, reactions 
experience considerable difficulties (Zhang et al., 2010). Low yields with associated other 
minerals, and long reaction times have shown the difficulty of obtaining homogeneous 
minerals at low temperatures and pressures. At low or mild temperatures (35 - 300 °C) 
natural minerals have been transformed (Bentabol et al., 2003), in kaolinization and 
illitization reactions. A few investigations were also done on the conversions of zeolite to 
beidellite and palygorskite to saponite. Such data may provide clues for understanding of 
geological processes and the natural occurrence of clay minerals. 
The direct synthesis of clay minerals is commonly approached by the hydrothermal 
technique, which involves the crystallization of substances at mild/low temperatures and 
relatively high vapour pressures. This technique commonly employs starting materials like 
aluminosilicates or gels that have a composition approaching that of the desired material or 
mineral composition (Zhang et al., 2010). The employment of this technique is time, energy 
and water consuming in practice, thus, the need for an energy saving and reaction 
accelerating process method (Zhou, 2010). For example, process intensification (microwave 
heating) was introduced to save energy and led to certain specific products. Vicente et al. 
showed that synthetic hectorites prepared by microwave-hydrothermal treatment were better 
crystallized and purer than those by conventional heating. Where hectorites are rare soft, 
greasy, white clay minerals with a chemical formula of Na0.3(Mg,Li)3Si4O10(OH)2. 
Furthermore, the synthesis of saponites also showed that the microwave-hydrothermal 
treatment produced better yields than the conventional hydrothermal methods.  
This dissertation pays particular interest to the production of the synthetic form of a layered 
clay mineral pyrophyllite which is used as a pressure transmitting medium in the making of 
synthetic diamond. Despite the presence of pyrophyllite in various parts of the globe, the 
mineral suffers from a few drawbacks (Mukhopadhyay et al., 2010). It seldom occurs in its 
pure state, thus the associated random mineralogical composition affects, and limits, the 
potential use of this mineral in ceramic industries (Mukhopadhyay et al., 2010). The ceramic 
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industry pays particular interest in clay properties such as plasticity and moldability, color, 
refractoriness, solubility, corrosion resistance and electrical properties. For use as a pressure 
transmitting medium, pyrophyllite is chosen, because of its relatively low strength and small 
compressibility, good thermal and electrical insulation (John, 1990). Work reported in 
literature on synthetic pyrophyllites is only by the hydrothermal technique. The work 
discussed in this thesis adopted a rather novel approach to the synthesis of pyrophyllite: the 
synthetic method resin-gel. 
Through synthesis, the knowledge acquired provides a better understanding of the formation 
mechanisms of clay minerals and also allows the morphology of crystals to be controlled. 
Knowledge acquired from synthesis also involves understanding how the properties of clay 
minerals are affected by defects and lattice substitutions.      
1.2.2 Objectives of research 
The purpose of this work is to:  
(i) produce large amounts of a layered clay mineral of a composition approaching 
that of pyrophyllite;  
(ii) without associated other minerals;  
(iii) at short reaction times; 
(iv) mild temperatures;  
(v) and at atmospheric pressure,  
for the use of the material as a pressure transmitting medium in the making of synthetic 
diamond. The aim will be explored through the following objectives.  
• Synthesise and characterize pyrophyllite-like materials with Si/Al ratio’s 0.28, 1, 
3.96, and 4.28. 
• Explore the use of different heating methods for the pyrolysis step of the synthesis. 
• Explore the use of different alumina and silica precursors for the synthesis of 
pyrophyllite-like materials. 
• Analyse and determine the mechanical properties of the synthesised materials. 
• Reproduce the pyrophyllite-like materials under the same reaction conditions. 
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1.2.3 Plan of development 
The thesis begins with a brief introduction on the class of synthetic layered clay minerals that 
are of interest before discussing their synthetic approaches in the literature. It then briefly 
discusses the conventional applications of clay minerals that are of use in the industry. 
Attention is then paid to the synthetic layered clay mineral of interest pyrophyllite, its general 
structural information and related minerals are introduced. Focus is then drawn on the 
synthesis approaches done by other researchers on pyrophyllite. Furthermore, the thermal 
behaviour of pyrophyllite and its uses are discussed. A detailed discussion of the synthesis 
approach and experimental techniques in this work is then presented and conclusions are then 
drawn on the basis of the results obtained.       
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2 Literature review 
2.1 An introduction to synthetic layered clay minerals 
Clay minerals are the essential constituents of clay raw materials. The distinction between 
clay and clay mineral has been made by Guggenheim and Martin, 1995. The crystal structure 
of clay minerals consists of sheets arranged in structural layers, hence why they are referred 
to as sheet silicates or phyllosilicates. Each individual layer is composed of two, three or four 
sheets depending on the type of phyllosilicate. The phyllosilicates considered in this work are 
composed of continuous tetrahedral and octahedral sheets. The tetrahedrons [SiO4]
4-, 
abbreviated as ‘T’ consist of a cation T, which is coordinated to four oxygen atoms and 
attached to adjacent tetrahedra by sharing three basal oxygen atoms (Ob) to form a hexagonal 
network along the a, b crystallographic directions as seen in Figure 2.1 below. The 
octahedrons e.g [AlO3(OH)3]
6-, abbreviated as ‘M’ are each connected to adjacent octahedra 
by sharing edges. The edge-shared octahedra form sheets of hexagonal symmetry (Figure 
2.2). 
  
 
 
 
 
  
Figure 2.1: Tetrahedron [TO4] on left side and tetrahedral sheet on right side, Oa and Ob refer 
to the apical and basal oxygen atoms respectively, a and b refer to unit-cell parameters. From 
Brigatti et al., 2006. 
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Figure 2.2: Cis- and trans-octahedron orientation of octahedral anionic position Ooct (Ooct = 
OH, F, Cl) on the left side and location of cis- and trans-sites in the octahedral sheet on the 
right, Oa and Ob refer to the apical and basal oxygen atoms respectively, a and b refer to unit-
cell parameters. From Brigatti et al., 2006. 
The common metal cations that occupy the interior of the tetrahedrons are Si4+, Al3+ and Fe3+. 
Whilst the interior of octahedrons are usually occupied by metal cations such as Al3+, Fe3+, 
Mg2+, and cations such as Li+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, V3+, Cr3+ and Ti4+ have been 
identified as well. The individual classes of phyllosilicates each have unique structural layer 
patterns (Figure 2.3). For example, a single layer in the 1:1 layer structure consists of one 
tetrahedral and one octahedral sheet, while the 2:1 layer structure has two tetrahedral sheets 
that sandwich one octahedral sheet (also seen in Figure 2.3).  
 
Figure 2.3: Models of the 1:1 and 2:1 phyllosilicates. Oa and Ob and Ooct refer to the 
tetrahedral apical, basal and octahedral anionic position respectively. The T and M represent 
the tetrahedral and octahedral cation respectively. From Brigatti et al., 2006. 
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Often, the structural formula of a specific type of phyllosilicate is determined by the 
occupancy of the octahedral sites. For example, the unit cell of the 2:1 layer structure is 
characterized by six octahedral sites and eight tetrahedral sites; while the 1:1 layer unit cell 
has six octahedral sites and four tetrahedral sites. Figure 2.4 shows how the number of 
octahedral sites occupied affects the type of phyllosilicate, where di-octahedral and tri-
octahedral is for when four of the six and six of the six of the octahedral sites are occupied 
respectively. 
 
Figure 2.4: Tri-octahedral sheet on left side and tri-octahedral sheet on right side. Oa 
represents the apical oxygen atoms, and Ooct are the anionic sites, a and b are unit-cell 
parameters. From Brigatti et al., 2006. 
Each layer of the 1:1 phyllosilicates has a thickness of about 0.7 nm as indicated in Figure 
2.5a. As shown in Figure 2.3 the surface layer may either consist of atoms attached to an 
octahedral sheet or tetrahedral sheet. Atoms from the octahedral sheet are Ooct which can 
either be OH, Cl, O, or F atoms, while those from the tetrahedral sheet are entirely oxygen 
atoms. In the 2:1 or TMT phyllosilicates, in the cases of talc and pyrophyllite, the periodicity 
along the c-axis as shown in Figure 2.5b varies from 0.91-0.95 nm that of chlorite varies from 
1.40-1.45 nm. The difference is in that the interlayer spaces of talc and pyrophyllite are 
empty and that of chlorite is occupied.  
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Figure 2.5: Different layer structures: (a) 1:1 layer; (b) 2:1 layer (i.e., pyrophyllite- and talc-
like layer); (c) 2:1 layer with anhydrous interlayer cations; (d) 2:1 layer with hydrated 
interlayer cations; (e) 2:1 layer with octahedrally coordinated interlayer cations. From 
Brigatti et al., 2006. 
The type of cations present in the interior of the octahedral and tetrahedral determines the 
layer charge of the phyllosilicate. The resulting charge can either be negatively or electrically 
neutral. Negatively charged structures exist if: 
(i) Si4+ cations substitute Al3+ cations in the tetrahedral sites;  
(ii) lower charge cations substitute Al3+ or Mg2+ cations in the octahedral sites, and  
(iii) there is a presence of vacancies.  
An electrical layer charge arises from: 
(i) existence of trivalent cations (R3+) in two octahedral sites with a vacancy in the 
third octahedron [R2
3+(OH)6] in the octahedral sheet;  
(ii) occupancy of all octahedral sites by divalent cations (R2+); and 
(iii) the presence of Si4+ in all tetrahedra in the tetrahedral sheet. The layer charge in 
the 2:1 phyllosilicates and micas is an important feature, as it induces the 
occupancy of the interlayer space by exchangeable cations.  
Layers of identical structure and composition of a specific phyllosilicate tend to stack in 
different ways; the occurrence of these different structural modifications is known as 
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polytypism. Essentially the two-dimensional translations within the layers of a polytypic 
series are preserved. According to the number of layers involved in the stacking sequence, the 
periodicity normal to the layers will vary between polytypes. Hence, in the case of 
phyllosilicates small deviations from stoichiometry within a polytypic series are admissible.  
Phyllosilicates can occur interstratified, meaning they can be built up by two or more 
different components. These structures occur less commonly, because it is sometimes 
difficult to identify all the different layers. Figure 2.6 below shows how interstratified clay 
minerals can have (i) ordered or regular mixed-layer structures and (ii) disordered or irregular 
mixed-layer structures. 
 
Figure 2.6: Regularly and randomly interstratified 2:1 anhydrous and hydrated phyllosilicate 
with periodicity of about 1 nm and 1.4 respectively. A and B are layers with different 
periodicity along the c direction. From Brigatti et al., 2006. 
Therefore, according to the structure layer charge and the number and ratio of sheets in a 
fundamental structural layer, clay minerals are classified into seven groups. This work only 
takes interest in one group, the pyrophyllite and talc group where the T:O ratio is 2:1 and the 
three-sheet layer charge is electrically neutral (0) (More details on the above information on 
the structure of layered materials is provided by Baronnet 1978, Brindley and Brown, 1980; 
Bailey, 1982, 1988; de la Calle and Suquet, 1988; Evans and Guggenheim, 1988; Giess, 
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1988; Guven, 1988; Wicks and O’Hanley, 1988; Moore and Reynolds, 1989; Brigatti and 
Guggenheim, 2002; Brigatti et al., 2006). 
2.1.1 The 2:1 phyllosilicates 
These sheet silicates are known as the non-swelling three-sheet phyllosilicates. This group of 
silicates is also known as the pyrophyllite and talc group, because they are represented by two 
subgroups: the pyrophyllite Al4[Si8O20](OH)4 and the talc Mg6[Si8O20](OH)4 subgroup. The 
2:1 phyllosilicates consists of two tetrahedral sheets that sandwich one octahedral sheet as 
shown in the previous section. Together these sheets form an electrically neutral layer 
structure. Other 2:1 phyllosilicates such as smectite, vermiculite, mica and chlorite have a 
negatively charged layer. The deviation of charge from neutrality is measured by the 
magnitude of the layer charge (X). For example in the case of mica, true micas has X close to 
-1, while brittle micas has X approximately equal to -2 even though in both cases the 
interlayer space is occupied by anhydrous cations. The more common 2:1 clay minerals such 
as smectites and vermiculites are characterized by the presence of hydrated cations and a 
fractional value of layer charge in the interlayer space. In vermiculites, the negative charge 
per half-unit-cell ranges between 0.6 and 0.9, while in smectites this value ranges from 0.2 to 
0.6. In chlorite, because the octahedral sheet is positively charged, the negative charge is 
neutralized in the interlayer space. Chlorite sheets are mostly tri-octahedral or di-octahedral, 
and intermediate forms are rare such as alternating di-octahedral and tri-octahedral sheets. 
The 2:1 layer structure can be non-polar i.e., a variety of talc (minnesotaite) has a modulated 
structure with tetrahedral strips. Sepiolite, palygorskite and loughlinite also have a modulated 
structure, but it is with octahedral strips (Martin et al., 1991; Brigatti et al., 2006). Section 2.2 
will discuss the specific 2:1 phyllosilicates of interest in this work in detail. 
2.1.2 Synthesis of clay minerals 
Geochemists, soil scientists or mineralogists are interested in the formation of clay minerals 
in their natural, geologic environment such as in soils. Whilst researchers who are more 
interested in the synthesis of clay minerals in a controlled, laboratory environment exploit the 
unique structure of clay minerals for particular applications. Despite their different intentions 
in making clay minerals, all these researchers aim to produce pure samples in a short time 
and at the lowest possible temperature to save energy (Carrado et al., 2006). This discussion 
will only concern the laboratory synthesis of clay minerals. 
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The synthesis of clay minerals can be viewed as a heterogeneous chemical reaction in an 
aqueous phase. The kinetics of this reaction are given by the Arrhenius equation (2) where 
K(T) is the rate constant of the reaction; A the pre-exponential factor; Ea the activation energy; 
R the gas constant; and T the absolute temperature (Carrado et al., 2006). 
K(T) = Ae
-E/RT                      (2) 
From the equation above it is clear that in order to shorten the reaction time in clay mineral 
synthesis, a temperature increase or a decrease in the activation energy can be done. Many 
clay minerals have been synthesized and the next part of this discussion will focus on the 
starting materials and reaction conditions of the synthesis methods. 
2.1.2.1 Synthesis from dilute solutions 
Caillѐre et al. (1953, 1954) developed this synthetic method based on the following 
assumptions: clay minerals are formed from dilute solutions in weathering processes (Millot, 
1965); and clay minerals can be grown by silicification of brucite- (Mg(OH)2) or gibbsite- 
(Al(OH)3) like sheets (Caillѐre et al., 1956). To prevent polymerization of silicic monomers, 
SiO2 concentrations less than 100 mg/L and very dilute (10-30 mg/L) salt solutions are used. 
This method is no longer used as it yields very small products. 
2.1.2.2 Solid-state reactions 
The solid-state reactions process uses minerals, gels, rocks or glasses as starting materials. 
Work by Fiore et al. (2001) shows that the rocks or minerals used, are of igneous origin, i.e 
feldspar, olivine, basalt, etc. This process involves the hydrothermal alteration of rocks or 
primary minerals into clay minerals. Hence, the kinetics of this approach are very slow as the 
clay minerals often occur with other phases. Therefore, starting materials with chemistry 
similar to that of the clay minerals are often used. 
Glasses require melting at temperatures as high as 900 °C and above, and the formation of 
hematite in the presence of Fe ions (demixing) occurs if a salt flux like Na2CO3 is not added. 
Thus, for this reason glasses are not often used as starting materials. More commonly, gels 
that can be prepared by: (i) using only organic salts such as tetraethoxysilane (TEOS), 
triisopropyl aluminate, iron acetylacetonate, ect. (De Kimpe et al., 1981); and (ii) using 
TEOS, Mg2+, Al3+, Fe3+ -nitrates, then heating the gels at 800 °C for dehydration to occur 
completely (Roy and Tuttle, 1956; Kloprogge and Vogel, 1995); and (iii) using Mg2+, Fe3+, 
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Al3+ -chlorides and sulphates and sodium metasilicate (Decarreau, 1980) are used as starting 
materials. Iriarte-Lecumberri (2003) used all three methods mentioned above to obtain 21 
starting gels for the synthesis of smectites with varying ratios of Fe3+, Mg3+, Al2+ ions. The 
first method showed difficulties such as the difficult dissolution of magnesium ethylate and 
the long dehydration of the gels (480 h at 30 °C). Further it was found that the resulting gels 
were macroscopically heterogeneous. 
The second method showed no macroscopic segregation of elements of the gels, but the 
resulting clay mineral compositions showed significant differences to what was expected, 
such as the excess of Al3+, Fe3+, Mg2+ and the deficit of the Si4+ ions. TEM-AEM showed that 
these gels are heterogeneous with small dark nodules of a high concentration of iron. 
The third method showed rather promising results, with the TEM-AEM scale showing that 
the gels are homogeneous and their compositions are close to what was expected. Work done 
by Decarreau (1980, 1981), Decarreau and Bonnin (1986) and Decarreaue et al. (1987) shows 
that these gels form 2:1 clay minerals when they contain Mg2+, and protoferrihydrite when 
they contain Fe3+. The gels obtained by the third method appear to be more suitable for the 
synthesis of clay minerals with a complex chemistry (Iriarte-Lecumberri, 2003).  
2.1.2.3 Hydrothermal synthesis 
Clay minerals can be induced hydrothermally through the germination and crystal growth 
processes. These processes have important controlling parameters to take into consideration, 
such as the temperature (T), duration of treatment (t), and solution chemistry (pH). 
1. Germination Process 
This process occurs when the concentration of ions such as Si4+, Al3+, Fe3+ and Mg2+ is high 
enough to reach critical oversaturation (S*). Critical oversaturation is reached when the 
starting materials are gels or glasses, as they are highly soluble and have chemistries that are 
similar to that of the required clay minerals. On the other hand, when minerals or rocks are 
used the S* condition is difficult to reach. The value of S* for a given rate of nucleation is 
given by the equation below: where T is the temperature, C includes the Boltzmann constant 
and parameters depending on the clay mineral, and γ is the clay interface tension (Stumm and 
Morgan, 1981). 
log S* = [Cγ3/T3]1/2                   (3) 
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The above equation shows that high temperatures will result in lower S* values. However, 
the solubility product of clay minerals (Ks) is inversely related to γ. Work by Fritz (1981) 
shows that di-octahedral clay minerals have low Ks values in comparison to their tri-
octahedral counterparts. Therefore, tri-octahedral clay minerals are easier to crystallize since 
their germination requires lower S* values. Decarreau (1980) shows that after the co-
precipitation reaction that occurs during gel preparation, germination of tri-octahedral clay 
minerals occurs explosively. Kloprogge et al. (1999) believe that this may explain the role of 
magnesium in the synthesis of di-octahedral aluminous clay minerals, since magnesium is 
important for the formation of smectites even when it occurs in small amounts. 
2. Crystal growth 
Equation 3 below shows the rate of crystal growth (υ) at a given temperature (T): where k(T) 
is the rate constant of clay mineral precipitation; S is the external surface area of the mineral; 
Ks is the solubility product; (Q/Ks-1) is the index of S* of the solution; and m and n are 
experimental constants (Steefel and Van Capellen, 1990). 
υ = k(T)S[(Q/Ks
n)-1]m                    (4) 
Role of temperature: Clay mineral growth kinetics strongly depend on temperature through 
k(T) and Eq. (1). Hence, low temperature syntheses often do not succeed. Rayner (1962) 
attempted the synthesis of kaolinite at 20 °C, and calculated the reaction time to be 16 х 104 
years. At temperatures above 500 °C, silicate phases become more stable than clay minerals. 
Therefore, clay mineral syntheses are performed at temperatures ranging from 100 to 500 °C. 
Role of pH: Many systems containing e.g Al3+, Fe3+, etc. produce particular synthetic clay 
minerals depending on the pH of the solution at the end of the hydrothermal treatment (pHf). 
The formation of 1:1 clay minerals (such as kaolinite mixed with oxides) is favoured by low 
pHf values ranging from 2 to 6. Smectites and micas (2:1 clay minerals) are favoured by 
medium pHf values that range from 7 to 10 Al
3+ and up to 12 for Fe3+. Minerals like zeolite 
(Fe3+) or aegerine (Al3+) are favoured by a high pHf (Frank-Kamenetskii et al., 1973; 
Kloprogge et al., 1990; Huertas, 1999, 2000; Nagase et al., 1999; Decarreau, 1999). Grauby 
et al. (1999) demonstrate this information in Figure 2.7 below. Bowers et al. (1984) suggest 
that the higher dependence of the formation of a particular synthetic clay mineral on the pHf 
than on the Si/Al ratio, may be related to the thermodynamic stability fields of clay minerals. 
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Alkaline pHf favours the formation of tetrahedrally substituted (Si
4+-M3+) 2:1 clay minerals 
(Frank-Kamenetskii et al., 1973).  
  
Figure 2.7: Clay minerals synthesized in a Si/Al/Na/H2O system at 200 °C. pHf = pH at the 
end of hydrothermal synthesis, Si/Al = atomic ratio. From Carrado et al., 2006. 
Therefore, it is important to follow the pH during the synthesis of clay minerals, since the 
type of mineral formed is dependent on the pHf. Decarreau (1980) and Huertas et al. (1999) 
suggest that the surface reactions between the solutions and oxo- or hydroxo-complexes 
present at the solution interfaces result in the decrease in pH. Hence, Iriarte-Lecumberri 
(2003) concludes that for synthesis of a given clay mineral, in constraining the pHf, the initial 
pH is adjusted such that the buffering power of the gel does not contribute.  
Role of time (crystallization versus crystallinity): Increasing the synthesis time increases the 
amount of starting material that is transformed into clay minerals. Crystallization rate is 
oftenly quantified by thermogravimetric analysis (TGA). Work by Mackenzie, 1970; 
Smykatz-Kloss and Warne, 1991; Drits et al., 1995; Emmerich and Kahr, 2001 show that the 
dehydroxylation of clay minerals occurs at relatively well-defined temperatures. 
Dehydroxylation of poorly crystallized clay minerals occurs at lower temperatures, e.g 
temperature shifts from 550 °C to 420 °C in synthetic kaolinites (Petit and Decarreau, 1990). 
The relation given below gives the pattern followed by the experimental rate of 
crystallization for all types of clay minerals:  
%clay = 1-e-kt 
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Huertas et al. (1999, 2000) observe that the value of k is affected by the experimental 
conditions, notably temperature. Crystallization reaches a plateau after a few days to months, 
for temperatures ranging from 150 °C to 300 °C and also depending on the nature of the 
synthetic clay mineral. Generally, with increasing synthesis time the crystallinity of clay 
minerals increases. XRD is the method often used to quantify the crystallinity of clay 
minerals by measuring the width of reflections in patterns observed. Figure 2.8 below shows 
that similarly for all kinds of clay minerals, crystallinity is dependent on pH and temperature.  
 
Figure 2.8: Crystal growth of clay minerals synthesized by the co-precipitation of gels at 
neutral to alkaline pHf (Arrhenius scheme). V = linear speed of domain size increase in the 
plane of the layers (Ångstroms/day), where Liz. Ni = Ni-lizardite, Hect. = hectorite, Smect. 
Fe = iron smectite and Ker. Ni = Ni-kerolite. From Carrado et al., 2006. 
3. Intermediate phases 
Intermediate phases such as pseudo-boehmite as observed by Fialips et al. (2000) commonly 
occur during synthesis. Techniques such as XRD, DTA-TGA and FTIR often have 
difficulties identifying these phases, since they are generally of low crystallinity and stability. 
Therefore, the synthesis of clay minerals can be viewed as a heterogeneous reaction with 
multiple interchangeable intermediate steps. Kloprogge et al. (1999) and Huertas et al. (2000) 
suggest that the formation of pseudo-hydroxides of the octahedral cations is the key in 
smectite synthesis, to which silica species are attached to form clay mineral nuclei. 
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Metastable di-trioctahedral smectites that evolve by de-mixing into extended di-octahedral 
and tri-octahedral domains in 2:1 layers can be synthesized (Grauby et al., 1993). During 
kaolinite synthesis Huertas et al. (2000) show that smectites appear as intermediate phases. It 
is clear that metastable phases may occur during synthesis. Researchers must therefore ensure 
that the reaction is complete during the time of the synthesis.  
2.1.3 Applications 
Clays and clay minerals have many uses in industry and other areas of human activity. They 
are more extensively used in a wide variety of industrial branches (Grim, 1962; van Olphen, 
1977; Lagaly and Fahn, 1983; Jepson, 1984; Odom, 1984; Murray, 1986, 1999, 2000, 2003; 
Harvey and Murray, 1997). There are two main reasons why clay minerals are used: their 
inertness and stability; and their reactivity and catalytic activity. Section 2.1 only briefly 
discusses one class of clay minerals (2:1 phyllosilicates), but there are many other clay 
families. Each of these clay types have different properties, thus have different applications.  
A brief summary of the different clay types and their uses follows below. 
1.) Common clays: These clays consist of a mixture of clay minerals and associated minerals. 
Although these clays are impure, their use is justified by the fact that they contain enough 
clay minerals to develop plasticity, produce adequate strength and porosity.  
Uses: 
• Engineering applications such as in road construction, fill, dam construction and in 
waste containment. 
• Ceramic production such as in bricks, tiles, terracotta, earthenware, stoneware, sewer 
pipes, paving bricks, refractory bricks, etc.  
 
2.) Kaolines: These clays contain high amounts of kaolinite. Their use is dependent on their 
particle size and shape as shown in Figure 2.9. 
Uses: 
• Filler and coating particles. 
• Ceramic products such as porcelain, bone china, vitreous sanitary ware, earthenware, 
bricks, pipes and tiles. 
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Figure 2.9: Typical particle size distribution of filler and coating grade kaolins. From 
Murray, 1986. 
3.) Bentonites: These materials have a high content of smectite (montmorillonite). 
Uses: 
• Binding agents in the pelletization of iron ores, other fine-grained solids and animal 
feed. 
• Foundry moulding sands. 
• Drilling muds. 
• Civil engineering applications such as in the diaphragm-walling technique (Figure 
2.10). 
• Grouting cracks and fissures in rocks, soil injection, impeding water and water-water 
movement through soils and gravel. 
• Additive to waterproof concrete walls and floors 
• Bentonite as a thickener. 
• In catalysis as a support. 
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Figure 2.10: Diaphragm-walling technique. Excavation of a trench and its subsequent lining 
with a thixotropic bentonite slurry. From Harvey and Lagaly, 2006. 
 
Figure 2.11: Bentonite as a thickener in paints. From Lagaly et al., 1997. 
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4.) Vermiculites and micas  
Uses:  
• Building industry for heat insulation and sound dissipation. 
• Packaging industry as thermal protection and shock proof-filling materials for glass 
containers and vessels. 
• In metallurgy, thermal protection on surface of molten metals. 
• Corrosion-proof materials, polymer coatings, under seal and as insulating materials. 
 
5.) Talc and pyrophyllite 
Uses:  
• Filler materials for polymer and rubber. 
• Slip additive in pharmaceutical and cosmetic powders. 
 
6.) Palygorskite and sepiolite 
Uses: 
• Filler (cosmetics, polyester), carriers (insecticides, herbicides, catalysts), filter 
material, and anti-caking agent. 
• Dispersing anti-settling, thickening and thixotropic additive in paints and drilling 
fluids. 
• Adsorbent in cigarette filters, and decolourant after acid-activation. 
2.2 Introduction to pyrophyllite 
Pyrophyllite is a hydrous aluminium silicate that belongs to a class of clay minerals known as 
the phyllosilicates (described in Section 2.1). The mineral is chemically inert with a standard 
composition of Si4Al2O10(OH)2 that is composed of 67% SiO2, 28% Al2O3 and 5% H2O 
(Deer et al., 1964). Pyrophyllite occurs less commonly in nature accompanied by kaolinite, 
sericite, quartz, mica and other silicates. Because the mineral occurs inhomogeneous in 
nature, it is overlooked as a raw material compared to other minerals like china clay that are 
available in much purer form. The occurrence of pyrophyllite with associated clay minerals 
also makes it difficult for it to be characterized. The mineral is found in Al-rich low-grade 
metamorphic rocks, such as metapelites, metabauxites, metaquartzites, etc. (Zen, 1961; 
Robert, 1971; Frey, 1978, 1987; Sharma, 1979; Evans and Guggenheim, 1991). Pyrophyllite 
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has many key properties that make it a desired product, such as its high refractive behaviour, 
low thermal and electrical conductivity, low expansion coefficient, low hot-load deformation, 
low reversible thermal expansion and low bulk density, excellent reheating stability and high 
resistance to corrosion by molten metals and basic slags (Rieger, 1997). 
2.2.1 Crystal structure and polytypic forms 
Pyrophyllite is a di-octahedral (defined in Section 2.1) phyllosilicate with an ideal electrically 
neutral layer structure that consists of simple 2:1 TOT layers (T-tetrahedral sheet, O-
octahedral sheet, Evans and Guggenheim, 1988). The layers are held together by Van der 
Waals forces. The type of interactions in the layer structure of a type of phyllosilicate, affects 
both the mechanical properties and quality of crystals of minerals for structural 
investigations. The infinite two-dimensional sheets in pyrophyllite have a hexagonal-based 
pattern of sixfold rings that is formed by tetrahedral sheets with individual SiO4 tetrahedra 
linked by sharing three corners with SiO4 neighbours. The fourth corner is shared by an Al 
octahedron. The octahedrally-coordinated Al cations form a sheet, and each polyhedron is 
linked laterally by edge sharing. Only 2/3 of the octahedral sites are occupied in pyrophyllite 
(Figure 2.12). The 2:1 layer is composed of two tetrahedral sheets that sandwich an 
octahedral sheet. There are no interlayer cations within the structure of pyrophyllite, hence its 
electrically neutral interlayer charge. 
 
Figure 2.12: Pyrophyllite structure projected along [001], the gray spheres represent the OH 
groups. From Bruno et al., 2006. 
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Despite the small size and irregular layer stacking complications in the structure of 
pyrophyllite, several authors have identified polytypism in the mineral (Zvyagin et al., 1968; 
Shitov and Zvyagin, 1972; Evans and Guggenheim, 1988). There are three polytypic forms of 
pyrophyllite: the two dominant ones are the two-layer monoclinic (2M) and the one-layer 
triclinic (1Tc); and the third one is the disordered form. Earlier investigations into the 
structure of pyropyllite by Gruner (1934), Hendricks (1938), Rayner and Brown (1966) 
propose the monoclinic space group C2/c and Cc with a = 0.517 nm, b = 0.892 nm, c = 1.866 
nm, and β = 99.8 °.  
The existence of the two dominant polytypic forms (2M and 1Tc) of pyrophyllite samples 
from different localities has been shown by Brindley and Wardle (1970) by means of the 
powder diffraction method. The samples showed the disordered form and also mixtures of the 
other two forms. The best crystallized sample showed the following XRD parameters: 
• a = 0.5173 nm, b = 0.8960 nm, c = 0.9360 nm, α = 91.2 °, β = 100.4 °, γ = 90 ° for the 
triclinic form;  
• and a = 0.5172 nm, b = 0.8958 nm, c = 1.867 nm, β = 100.0 ° for the monoclinic form 
(Brindley and Wardle, 1972). 
Lee and Guggenheim (1981) also determined the crystal structure of pyrophyllite-1Tc with a 
single crystal X-ray refinement. Recent work on pyrophyllite-1Tc has been done theoretically 
by Sainz Diaz et al. (2001) by using empirical interatomic potential, furthermore, Bridgeman 
et al. (1996); Stackhouse et al. (2001); Refson et al. (2003); Sianz Diaz et al. (2002, 2004) 
made use of first principle quantum mechanical simulations based on density functional 
theory (DFT).  
2.2.2 Related clay minerals 
Talc is a tri-octahedral (defined in section 2.1) phyllosilicate which like pyrophyllite consists 
of simple 2:1 TOT layers and ideally has an electrically neutral layer charge (Figure 2.13). 
Differences in the talc and pyrophyllite structures is that, in talc all three octahedral sites are 
occupied and the apical oxygen (defined in section 2.1) is shared with Mg octahedron instead 
of Al. Talc has a one layer triclinic (1Tc) structure that was determined from Weissenberg 
data (Rayner and Brown, 1973).  
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Figure 2.53: Talc structure projected along [001], gray spheres represent the OH groups. 
From Bruno et al., 2006. 
Kodama (1959) suggests isomorphous substitution in pyrophyllite. A pale blue sample with 
unit-cell parameters a = 0.517 nm, b = 0.895 nm, c = 1.864 nm, β = 99.8 °, containing V3+ 
(44-190 ppm), Cr3+ (30-80 ppm), Sn4+ (20-50 ppm), Ni2+, Co2+, Pb2+ and Ga3+. Theoretical ab 
initio calculations by Sainz Diaz et al., 2002 indicate substitution in the octahedral sheet of 
pyrophyllite. Fe3+ for Al3+ substitutions tend to be clustered, whereas Mg2+ for Al3+ 
substitutions tends to be distributed in the octahedral sheet. Despite the absence of layer 
charge in pyrophyllite, the mineral can react with heavy metals in solution (Scheidegger et 
al., 1997). Using X-ray absorption fine structure (XAFS) they found that pyrophyllite can 
adsorb Ni2+ from aqueous solution. Results from this work suggest the formation of 
multinuclear Ni2+ complexes. The sizes of these complexes appeared to increase with 
increasing reaction time.  
Recently, from TEM data, the structure of brinrobertsite a di-octahedral, ordered, mixed-
layered pyrophyllite-smectite has been modelled. The data shows 2:1 layers with alternate 
pyrophyllite-like (low charge) and smectite-like (high charge) interlayers that produce 
sequences of dominant 2.4 nm periodicity. Limited substitution of Al3+ or Fe3+ for Mg2+ 
occurs in talc-like minerals, but their chemical composition does not significantly differ from 
that of the end member Mg3Si4O10(OH)2. Charge balance is achieved by insertion of 
vacancies in the octahedral position and/or by tetrahedral [IV]Al3+ and [IV]Si4+ substitutions. 
Talc-like minerals are the willemseite (Ni-rich), minnesotaite (Fe-rich) and kerolite (hydrated 
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variety. Weiss and Durovic (1984) derived ten non-equivalent polytypes of the talc-like 
minerals of which only seven can be distinguished by XRD. 
2.2.3 Synthesis and characterization 
Kloprogge et al. (1996) synthesized pyrophyllite together with other minerals from silica-
alumina gels in salt solutions such as sodium hydroxide (NaOH) and sodium fluoride (NaF). 
They used Al(NO3)3·9H2O and tetraethyl orthosilicate (TEOS) as the alumina and silica 
precursors respectively. Crystallizations were done at temperatures as high as 623 K, where 
the increase in the temperature promoted the formation of pyrophyllite (as seen in Table 2.1 
and Table 2.2). Klopprogge et al. not only worked at high temperatures, but their reactions 
were done at 100 MPa for 10 days. Furthermore, cations such as Na+, Li+, Ca2+, K+ were 
added in the gels, this resulted in the formation of the other minerals but not of pyrophyllite 
(as seen in Table 2.3). Implications of this work to how pyrophyllite forms in nature are that 
pyrophyllite occurs where there is an excess of Al and other cations, and that the mineral is 
formed at temperatures above 573 K.  
Table 2.4: Results of the experimental runs with diluted salt solutions at 100 MPa for 10 
days. From Kloprogge et al., 1996. 
Salt Initial Ph Products 
350 ˚C 300 ˚C 
Na2CO3* 12.0 Beid  
Na2CO3/NaOH* 13.5 Beid  
NaOH* 14.0 Beid  
NaOH 8.0 Beid, quartz  
NaOH 9.0 Beid, quartz  
NaOH 10.0 Beid, quartz  
KOH 12.63 Pyr (9.20) Kaol, qtz 
CaCl2 6.27 Pyr (9.21), trace qtz Kaol, qtz 
NaCl 6.25 Pyr (9.24), trace qtz Kaol, qtz 
KCl 6.03 Pyr (9.20), trace qtz Kaol, qtz 
CaCO3 7.43 Pyr (9.23), trace qtz Kaol, qtz 
Na2CO3 10.30 Pyr (9.21) Kaol, qtz 
K2CO3 10.36 Pyr (9.21) Kaol, qtz 
Li2CO3 10.51 Pyr (9.20) Kaol, trace qtz 
LiF 7.47 Pyr (9.22) Kaol, trace qtz 
NaF 7.20 Beid, pyr (9.23) Kaol, trace qtz 
KF 6.51 Pyr (9.21) Kaol, trace qtz 
*Stoichiometric amount of Na+ in solution based on beidellite composition. Kaol = kaolinite,  
pyr ( ) = pyrophyllite (d002 in Å), qtz = quartz. 
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Table 5.2: Results of the experimental runs with concentrated salt solutions at 100 MPa and 
623 K for 10 days. From Kloprogge et al., 1996. 
Salt Concentration 
(mol/l) 
Products d-value (Å) 
NaOH 1.5 Beid 12.3 
NaF 1.5 Beid 12.0 
KF 1.5 Beid 11.0 
LiF 0.01* Pyr 9.31 
NaCl 1.5 Pyr 9.42 
KCl 1.5 Pyr + mica 9.34 + 9.54 
CaCl2 1.5 Pyr + mica 9.27 + 9.52 
Na2CO3 0.01*
 Kaol, trace pyr 7.12 
K2CO3 1.5 Amorph, trace beid? ±12.3 
Li2CO3 0.02*
 Pyr, trace kaol 9.24 (7.11) 
KBr 1.0* Pyr 9.25 
*Limited solubilities. 
Table 6.3: Results of the experimental runs with interlayer cation containing gels with 
stoichiometric beidellite composition at 100 MPa and 350 ˚C for 10 days. From Kloprogge et 
al., 1996. 
Interlayer cation Products 
Na Beid 
K Beid, kaol 
Li Beid 
Ca Beid, kaol 
 
Kloprogge later on with Frost synthesized pyrophyllite at higher temperatures of 673 K and 
723 K at 100 MPa within a period of 7 days. They synthesized pyrophyllite and compared its 
infrared absorption spectra to that of natural pyrophyllite. The spectra were found to be in 
good agreement with each other even though there were a few differences observed in the 
lower frequency region. Kloprogge and Frost concluded that the dehydroxylation results in an 
increase in the Al-O2 bond length and the formation of a new Al-Or bond (r = residual). 
Isomorphously substituted pyrophyllites were also hydrothermally synthesized by several 
researchers, whereby different cat-ion contents were used (Lantenois et al., 2007). 
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2.2.4 Thermal transformations 
The heating of clay minerals modifies their structure and composition. The modified clay 
minerals from thermal transformations lead to a large number of applications. These 
transformations occur at different temperatures for different clay minerals. Temperatures at 
which these transformations occur depend on the particle size and heating regime. There are 
four distinguishable temperature ranges in which significant changes occur in the structure of 
clay minerals (Heller-Kallai, 2006). 
• Temperatures lower than -5 °C, where some water can be converted into ice.  
• Temperatures below dehydroxylation and above dehydration, where on the onset 
of dehydroxylation clays lose adsorbed and hydration water. This resulting in the 
alteration of the acidity of the clay interlayers and surfaces, change in pore size 
and the collapse of the interlayer spaces. 
• Temperatures above dehydroxylation, where the structure of the 2:1 (TOT) di-
octahedral clay minerals is preserved whilst that of the tri-octahedral counterparts 
is destroyed. 
• Temperatures at which new phases form, clay minerals lose their original identity. 
The thermal behaviour of pyrophyllite has been studied by many authors. Researchers used a 
variety of thermos-analytical methods to study the thermal reaction of pyrophyllite, such as 
TG, DTG and DTA (Kristof et al., 1985). Schomburg (1985) reports work done on the 
thermal behaviour of pyrophyllites from Japan and the USA using DTA, dilatometric analysis 
and TG. The pyrophyllites were heated to only 1100 °C, XRD analysis of these samples did 
not support the thermal decomposition of the samples. MacKenzie et al. (1985) suggest that 
very weak and difficult to distinguish weak recrystallization exotherms may be present 
through heating at high temperatures. These workers studied pyrophyllite from New Zealand 
using XRD, DTA-TG techniques up to 1350 °C. By heating pyrophyllite from Brazil up to 
1300 °C, Salvadori and Sousa Santos (1987) studied the crystallographic and morphological 
transformations in the clay mineral.  
Furthermore, Sanchez-Soto et al. (1989) did more work on the thermal transformations of 
pyrophyllite to provide information on the behaviour of the mineral after thermal treatment. 
Using pyrophyllite from Hillsboro, TGA indicates a gradual mass loss till 1050 °C where the 
mass loss begins at 500 °C (Figure 2.14). Sanchez-Soto et al. (1989) assume that the mass 
loss is entirely due to the loss of structural water by dehydroxylation. 
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Figure 6.14: DTA-TG curves of pyrophyllite from Hillsboro. From Sanchez-Soto and Perez-
Rodriguez, 1989. 
Recently, the dehydroxylation process of pyrophyllite has received significant attention in 
literature (Perez-Rodriguez et al., 2010). Dehydroxylated pyrophyllite consists of five-
coordinate, distorted, trigonal bipyramidal AlO5 structural units in the aluminium octahedral 
sandwiched between two silica tetrahedral layers as suggested by Wardle and Brindley 
(1972). Studies by Fitsgerald et al. (1996) using 27Al NMR-MAS show that the six coordinate 
Al in pyrophyllite changes to five coordinate Al in dehydroxylated pyrophyllite. The 
dehydroxylated pyrophyllite maintains the 2:1 layer structure (Frost and Barron, 1984). The 
dehydroxylation process is a homogeneous reaction, which is shown by the formation of the 
five coordinate Al through the reaction between two OH groups adjacent to each other. The 
result is a loss of water and the formation of a bridging oxide between adjacent aluminium 
atoms (Perez-Rodriguez et al., 2010). Wang et al. (2002) suggest that the dehydroxylation of 
pyrophyllite in the temperature range 550 – 900 °C is characterized by the decrease in 
phonon bands and the intensity of OH signals of pyrophyllite, as well as signals at 3690 and 
3702 cm-1. Furthermore, they suggest that the process is two-staged with a defined 
intermediate stage. Molina-Montes et al. (2008) propose the presence of different possible 
intermediates based on the observations in Wang et al. work. 
Perez-Rodriguez et al. (2010) suggest that dehydroxylated pyrophyllite can undergo a 
rehydroxylation process. The IR spectrum by Heller et al. (1962) show that rehydroxylated 
pyrophyllite provides proof for the formation of layers that may be composed of areas with 
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pyrophyllite-like structures that are associated with dehydroxylated materials. Sanchez-Soto 
et al. (1989) observe that it appears that the rehydroxylation of pyrophyllite is a function of 
particle size.   
Horvath (1985) points out that for the dehydroxylation of clay minerals, there are several 
factors that influence the thermal stability with dynamic conditions of heating. His suggestion 
implies that higher temperatures are more important in pyrophyllite than in kaolinite due to 
the high bonding energy of the OH groups in pyrophyllite’s structure. The DTA curve in 
Figure 2.14 generally agrees with the work previously done by MacKenzie (1970). On further 
heating of pyrophyllite, the last of the structural water is lost. At higher temperatures as 
shown by Figure 2.15 (amplified portion of Figure 2.14) below, weak exothermic peaks are 
observed. The first which is approximately at 1000 °C is attributed to the presence of 
kaolinite, the next is at about 1215 °C and the last at about 1325 °C.  
 
Figure 2.15: High temperature zone of DTA curve. From Sanchez-Soto and Perez-
Rodriguez, 1989.  
Now the X-ray diffraction patterns obtained by Sanchez-Soto et al. (1989) clearly indicate the 
processes which occur in the thermal treatment of pyrophyllite (Figures 2.16 and 2.17).  
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Hence, the thermal reactions of pyrophyllite are as follows: 
i) Dehydroxylation (≤ 1050 °C) 
3Al4Si8O20(OH)4 → 3Al4Si8O22 + 6H2O 
       (pyrophyllite dehydroxylate) 
ii) Structural decomposition (˃ 1050 °C) 
 3Al4Si8O22 → 2(3Al2O3 ∙ SiO2) + 2OSiO2  
     (mullite)   (cristobalite) 
Thermal reactions of pyrophyllite occur in a crystallographically ordered form (Bradley and 
Grim, 1951). Evidence of the formation of mullite and cristobalite was found using a 
topotactic reaction by Heller (1962) and Nakahira et al. (1964). The occurrence of a mixture 
of mullite and cristobalite at high temperatures in pyrophyllite compositions is also indicated 
by the equilibrium diagram of the SiO2-Al2O3 system (Ford, 1967).  
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Figure 2.16: X-ray diffraction patterns of samples heated to respective temperatures then 
allowed to reach room temperature, P = pyrophyllite, Mu = mullite. From Sanchez-Soto and 
Perez-Rodriguez, 1989.  
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Figure 2.17: X-ray diffraction patterns of samples heated to respective temperatures then 
allowed to reach room temperature, Mu = mullite, Cr = cristobalite. From Sanchez-Soto and 
Perez-Rodriguez, 1989.  
2.2.5 Applications 
Pyrophyllite is used in many industrial applications such as in ceramics and refractories, 
where it is mainly used as a raw material in white-ware bodies, insulating firebrick or foundry 
specialties (as seen in Figure 2.18 below).  
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Figure 2.18: Diagram of the different uses of pyrophyllite. From Robertson, 1973; Sanchez-
Soto and Perez-Rodriguez, 1998. 
In this work particular interest is paid to the use of pyrophyllite in the making of synthetic 
diamond as a pressure transmitting medium. The mineral is chosen for this application as it 
has a relatively low or rather negligible strength (Edmond and Paterson, 1971). A pressure 
transmitting substance is preferred to be a fine grained compact solid material with good 
thermal and electrical insulating properties (US Patent No. 2,918,699). Other requirements 
that this material should meet at ordinary and high temperatures are as follows (H. Tracey. 
Hall): 
• Transmit pressure hydrostatically. 
• Have very low compressibility. 
• Have very low thermal conductivity. 
• Have very low electrical conductivity. 
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• Have very high melting point and the melting point should increase with 
increasing pressure. 
• Be chemically inert. 
• Be thermally stable. 
Many compact fibres and powders meet most of these requirements, but pyrophyllite is the 
excellent readily machinable material which has been successfully employed as a pressure 
transmitting medium. Pyrophyllite of course does not meet all the above requirements as it 
has its own drawbacks, such as not transmitting pressure as hydrostatically as ideally desired. 
At temperatures above 1500 °C and at pressures about a few thousand atmospheres 
pyrophyllite melts to a glassy substance. Its melting point increases considerably at high 
pressures. At high pressures the molecular holes of the material are squeezed out resulting in 
a very viscous material that does not readily flow. As a pressure transmitting medium, the 
upward limit of temperature usefulness for pyrophyllite has not yet been established. 
However, when pyrophyllite is confined, it is useful as a holder for materials to be placed 
under pressure at temperatures as high as 10 000 °C and pressures as high as 15 000 
atmospheres (US Patent No. 2,918,699). 
Figures 2.19-2.20 shows the more extensively used two types of ultra-high pressure, high 
temperature apparatus. The Belt uses conical pistons that are thrust into opposite ends of a 
properly shaped and surrounded by a toroidal belt of supporting rings in a chamber with a 
gasket release (Figure 2.19). The tetrahedral anvil apparatus on the other hand makes use of 
polygonal anvils that enclose regular polyhedra when fitted together about a common point 
(Figure 2.20). 
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Figure 2.19: (Right) The Belt ultra-high pressure, high temperature assembly, (Left) Cell and 
gasket assembly for Belt assembly. a) Hole for thermocouple in pyrophyllite cylinder, b) slot 
for thermocouple lead in pyrophyllite gasket, c) asbestos paper to insulate thermocouple lead 
from metal cone, d) kaoline powder packed into slot b on top of thermocouple wire, e) 
thermocouple slot, f) insulating tubing over thermocouple leads, g) daub of glue to anchor 
leads, h) carbon heater-sample tube, 8 pyrophyllite gasket. From Hall, 1960.  
 
 
Figure 2.20: (Left) Tetrahedral anvils, (Right) Tetrahedral cell for use with tetrahedral 
anvils. From Hall, 1958; US Patent No. 2,918,699.  
During operation, for example in the Tetrahedral anvils, the pyrophyllite tetrahedron is 
centred on the triangular faces of the anvil devices. To increase friction the anvil faces of the 
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devices are painted with rouge. By applying pressure (eg. via hydraulic rams), the anvils are 
then simultaneously forced together against the pyrophyllite tetrahedron. Since the triangular 
faces of the anvil devices are smaller than the triangular faces of the pyrophyllite tetrahedron, 
some of the pyrophyllite is squeezed to the gaps between the sloping sides of the anvils to 
automatically form a sealing gasket (Figure 2.21 shows this via a traditional pressure cell). 
Continued motion of the anvils compresses the pyrophyllite substance so that the high 
pressure is transmitted to the material contained therein (Weng and He, 2012).   
 
Figure 2.21: Traditional pressure cell at the beginning (left), and at the end (right) of the 
pressurizing stroke. From Weng and He, 2012. 
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3 Experimental procedure 
The current study adopts the synthetic method of resin-gel synthesis for the synthesis of 
layered materials. This is in contrast to the more common hydrothermal technique approach 
(Kloprogge et al., 1996, 1999, 2000). Several silica and alumina precursors were used for the 
synthesis:  
• dichlorodimethylsilane (DCDMS),  
• 3-aminopropyltriethoxysilane (APTES),  
• tetraethyl orthosilicate (TEOS),  
• aluminium trichloride (AlCl3) and 
• aluminium nitrate (AlNO3).  
Four Si/Al ratios were chosen. Two were silicon rich and the other two aluminium rich (as 
seen in Table 3.1). It is known that the morphology of the mineral may be influenced by the 
composition and structure of the starting materials (Zhang et al., 2010). It has been observed 
that the Si/Al molar ratio affects the morphology type (platy, lath-like, rod-like and spherical) 
formed. At Si/Al ratios close to 1, spherical and lath shaped crystals are formed and at Si/Al 
ratios further away from 1, platy crystals are more favoured as seen in Figure 3.1 (Saverio et 
al., 1995). The ratio represented indicates the mass ratio of silica to alumina. 
Table 3.1: Si/Al ratios used in the synthesis of pyrophyllite-like materials. 
 
 
 
 
 
 
 
 
  
 
 
 
 
Ratio Composition of starting material 
Si/Al SiO2 Al2O3 
Si-rich 
3.96 66.65 28.35 
4.28 54.07 21.41 
Al-rich 
1 50 50 
0.28 10.81 66.27 
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Figure 3.1: Schematic of the distribution of morphology type as a function of the 
composition of starting materials. From Saverio et al., 1995. 
Different polymer chains of polyethylene glycol (PEG) (short and long) were also used in the 
synthesis to determine if they have an effect on the final product. Pyrolysis of the samples 
was done by three heating methods to be discussed in detail below. X-ray diffraction (XRD) 
measurements were done to determine the crystallography of the materials, whilst study on 
the morphology and structure of the materials was done by transmission electron microscopy 
(TEM). Raman spectroscopy was used to confirm information on the crystalline phases and 
structure of the materials. Thermal gravimetric analysis (TGA) was then used to obtain 
quantitative information on the decomposition products and waters of crystallization of the 
materials. To confirm the TGA analysis, differential scanning calorimetry (DSC) was done to 
obtain energetic information about the soft phase changes. BET measurements were done for 
the analysis of the specific surface area of the materials.  
3.1 General synthesis 
The amount of precursors (silica and alumina) to be used for a specific Si/Al ratio was 
calculated from the compositions given in Table 3.1 above. The alumina source was 
dissolved in 30 ml of water using a clean 100 ml beaker. The silane source was then added in 
the fumehood and reaction vessel was immediately sealed with parafilm and left to sit for ±15 
minutes. Once the reaction vessel cooled down to room temperature 30 grams of 
polyethylene glycol (12,000 or 4,000 g/mol) was added and stirred into solution over a heat 
of 50 °C for about 5 minutes. This solution was then left under infrared radiation for 1-2 
weeks in a fumehood to remove all excess water. After drying, a white wax or sometimes gel 
formed. Pyrolysis was then carried out on the resulting wax or gel by one of the following 
heating methods. 
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• Rapid heat (RH) 
A jaffle maker (cast iron vessel) was heated in a furnace at 910 °C. The jaffle maker was 
then removed from furnace and placed on a brick block and while it was still red hot the 
gel or wax was then poured onto it to burn. After a few seconds of pouring the gel onto 
the hot vessel the sample would burst into flames. This burning process took about 40 
seconds to complete. The resulting product was a black powder that was collected and 
ground using a mortar and pestle and then was placed in a glass vial till it was 
characterised. 
• Forced heat (FH) 
A porcelain crucible was calcined at 910 °C for 2 hours and cooled. The gel was then 
poured into the calcined crucible and placed in a hot sandbath. The crucibles were heated 
by the sand bath and also from directly above by an inverted Bunsen burner. The 
crucibles were heated individually until the samples auto-ignited. The resulting product 
was a black powder that was collected and ground using a mortar and pestle and then was 
placed in a glass vial till it was characterised. 
• Conventional heat (CV) 
The conventional heat method followed the same procedure as the FH method, but 
without heating the crucibles directly above by a Bunsen burner. The resulting product 
was a black powder that was collected and ground using a mortar and pestle and then was 
placed in a glass vile till it was characterised. 
3.2 Characterisation techniques 
Various characterisation techniques were used to determine the properties of the materials 
produced. This investigation included the study of the morphology and structure, 
crystallinity, surface features, elemental analysis, energetic soft phase changes and 
decomposition products of the materials produced.  
3.2.1 Transmission electron microscopy (TEM) 
A FEI Spirit Tecnai T12 Transmission electron microscope was used to determine the 
structure and morphology of the materials produced. This instrument also has an energy 
dispersive X-ray detector that was used to analyse the elemental composition of samples. 
51 
 
Transmission electron microscopy makes use of electrons that are generated under 
vacuum to obtain imaging. A high electron energy beam can penetrate through very thin 
samples, thus giving information on the microstructure of the materials (Williams and 
Carter, 2009). The electrons are focused with electromagnetic lenses and the images are 
observed on a digital camera. The images are in gray scale, this is because unlike the 
visible light seen with the naked eye electron wavelengths are smaller. The micrographs 
were obtained at an accelerating voltage of 120 kV. 
Sample preparation was done by sonicating a small mass of sample in methanol in an 
Eppendorf tube for 5 minutes using a 3510 Branson sonic bath. A few drops of the 
methanol containing sample particles were put onto a copper grid that was placed onto 
filter paper and was allowed to dry in air.  
3.2.2 Powder X-ray diffraction (PXRD) 
A D2 Phaser Desktop X-Ray Diffractometer using a CoKα radiation source was used to 
determine the presence of phases and the crystallinity of materials. PXRD makes use of 
X-rays to obtain diffraction peaks from a powder or crystalline material. These X-rays are 
directed onto the powder and scattered by atoms within the powder resulting in a 
diffraction pattern of different peak strengths. When the monochromatic X-ray beam of 
wavelength λ was incident on the lattice planes of the crystal planes of samples at an 
angle θ, diffraction occurred. By varying the rotation angle θ, Braggs law conditions were 
satisfied by the different d-spacings in the powder material. This resulted in diffraction 
peaks that produced a pattern that characterised the samples, plotting the intensities and 
angular positions. 
The equation below states Bragg’s law, where θ and λ are the incident angle and 
wavelength respectively of the x-ray beam, d is the distance travelled by the rays reflected 
from the successive crystal planes and n is an integer (Bragg, 1934). 
 = 2                     (1)               
The PXRD measurements were obtained at room temperature and data was collected at a 
scale between 20 ° and 100 ° (2θ) with a step size of 0.03 °. The wavelength value of the 
CoKα radiation source was 1.79 Å. 
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3.2.3 Thermal gravimetric analysis (TGA) 
A PerkinElmer Pyris1 TGA was used to determine the thermal behaviour of the materials. 
The TGA records the sample mass change as a function of sample temperature. The 
sample was held at 30 °C for about 10 min then heated up to 1000 °C at a rate of 10 °C 
per minute. The TGA measurements were done in a static air-flow environment. Sample 
preparation involved loading 10 mg of sample onto the sample holder then onto the 
balance to zero the machine. 
3.2.4 Differential Scanning Calorimetry (DSC) 
A Mettler Toledo DSC 822e was used to further confirm the thermal behaviour of the 
materials and to obtain their energetic soft phase changes. The DSC measures the energy 
(∆/), which is required to maintain zero temperature differential between the sample 
and the reference. Furthermore, properties of a material such as the melting temperature 
(Tm), crystallisation temperature (Tc), glass transition temperatures (Tg or softening) and 
thermal stability of a sample can be determined from DSC measurements. During the 
thermal event (in the sample), the system transfers heat to and from the sample and 
reference as their pans are maintained at the same temperature predetermined by the 
program.  
Sample preparation involved weighing about 1-3 mg of sample using a weighing balance. 
Small sample masses were used, because together with low heating rates this would 
increase the resolution, though at the expense of sensitivity. Aluminium pans were used 
for both the sample and reference pans. Before sealing the pans a pin hole was made on 
the lids of the pans to release pressure and to ensure sharp accurate endotherms if samples 
were volatile. It was also ensured that the material completely covered the bottom of the 
pan to ensure good thermal contact. Samples were analysed over a range of temperatures 
(25-500 °C) at a heating rate of 5 °C/min with a nitrogen flow of 60 ml/min.  
3.2.5 Scanning electron microscopy (SEM) 
A FEI Quanta FEG-SEM was used to determine the surface structure of materials. Unlike 
TEM which penetrates through the sample, SEM only explores the surface of the 
material. Scanning electron microscopy also makes use of electrons that are generated 
under vacuum to obtain imaging. The electrons only penetrate a small way into the 
sample, thus gives information of the surface of the sample. These electrons generate a 
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variety of signal at the surface of the sample. Only the electrons that interact with the 
sample are able to reveal information about the sample’s external morphology (texture). 
The micrographs were obtained at an accelerating voltage of 20 kV. Samples were 
prepared by carefully spreading the powder onto carbon tape pasted onto sample stage. 
The stage would then be mounted onto stage holder using an aluminium tape and then put 
into machine for analysis. 
3.2.6 Brunauer, Emmett, and Teller (BET) analysis 
To determine the pore size, pore volume and surface properties, a Micromeritics Tristar 
surface area and porosity analyser was used. This method makes use of the BET theory 
(Webb and Orr, 1997). The BET theory is a major advance in adsorption theory, which 
generalizes the treatment of Langmuir and incorporates the concept of multimolecular 
layer adsorption. Fundamentally, in multimolecular adsorption the assumption is made 
that the forces active in the condensation of gases are also responsible for the binding 
energy (Webb and Orr, 1997).  
The instrument is able to measure a maximum of 3 samples concurrently. The samples 
are analyzed at cryogenic temperature, before being exposed to nitrogen gas at a series of 
controlled pressures, which are incrementally increased or reduced for adsorption or 
desorption studies respectively. The amount of nitrogen gas adsorbed by each sample at 
each equilibrated pressure is then recorded with the corresponding relative pressure 
(P/P0). Depending on the type of analysis (multipoint or 5 point) the resulting isotherms 
or data reveal the pore size, pore volume and surface area of the materials. 
Sample preparation involved weighing about 0.2-0.25 g of sample using a weighing 
balance. Samples were then degassed by applying both heat and a flow of nitrogen to 
remove adsorbed contaminants such as water and carbon dioxide acquired from the 
atmosphere. After the degassing process which was done at 150 °C for 3 hours, the 
samples were re-weighed again in case any contaminants had influenced the initial mass 
of samples. This new mass was then used in the instrument under sample information 
before taking the measurements. 
3.2.7 Raman Spectroscopy 
To further obtain information on the structure of the materials such as the crystalline 
phases present and the different low-frequency modes present, Micro-Raman 
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spectroscopy was done. This work used a Bruker-Senterra Micro-Raman Spectrometer, 
which operated at a power of 2 mW and used a 532 nm laser. In the experiment, a laser 
supplies photons that interact with the molecules of samples and are scattered. The 
wavelength of incident photon is either shifted to a lower or higher value. This means that 
the photon has interacted with the electron cloud of the functional groups bonds, thus 
exciting an electron into a virtual state. A detection of the Stokes Raman scattering occurs 
as a result of the photon losing some energy, where the energy is related to the functional 
group and its neighbouring molecules and atoms. 
Sample preparation was done by taking a small amount of sample and compressing it 
onto a glass slide. Sample was compressed between two glass slides, glass slide on the 
top was removed and sample was left on the other and put onto the Micro-Raman 
spectrometer stage for analysis. 
3.3 Summary of workplan 
All the different synthesis conditions and heating treatments were carried out to form 
layered materials of a composition approaching that of pyrophyllite. The figures below 
both represent the approach used in this work and the table summarizes the techniques 
used. Figure 3.2: A schematic overview showing all Si/Al ratio’s and different precursor 
combinations used. 
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 Table 3.2: Techniques used for analysis and the specific information obtained from each. 
Information to be obtained Technique used for analysis 
Phases and crystallinity of materials PXRD 
Morphology and structure  HRTEM, TEM 
Surface structure SEM 
Structure Raman 
Surface area, porosity BET 
Decomposition products, water of 
crystallinity 
TGA 
Phase changes (energetics) DSC 
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 Figure 3.3: A schematic overview of experimental approach that was used. 
  
 
 
 
 
 
 
57 
 
4 Results and Discussion 
4.1 Effect of synthesis conditions on the formation of layered structures 
Work done by Saverio et al. (1995) shows that the Si/Al molar ratio affects the morphology 
type (platy, lath-like, rod-like and spherical) formed (as seen in Figure 3.1 in Section 3). They 
synthesised kaolinite-like materials under hydrothermal conditions, with different 
morphologies from aluminosilicate gels of Si/Al molar ratios that favoured the formation of 
the mineral. Saverio et al. (1995) observe that at Si/Al molar ratio’s close to 1, spherical and 
lath shaped crystals are formed and at Si/Al ratios further away from 1, platy crystals are 
more favoured. Based on these observations, because kaolinite is also a platy mineral, this 
work explores the formation of layered materials (platy crystals) of a composition 
approaching that of pyrophyllite from various Si/Al molar ratios. Kloprogge et al. (1996, 
1999, 2000) use aluminium nitrate and tetraethyl orthosilicate (TEOS) as the alumina and 
silica precursors respectively in the synthesis of pyrophyllite under hydrothermal conditions. 
This dissertation explores similar alumina and silica precursors in the attempt to synthesise 
pyrophyllite-like materials. As opposed to the synthesis method used by the authors specified 
above, this work employs the synthetic method of resin-gel synthesis, a novel approach to the 
synthesis of layered structures. Furthermore, the current work also explores different heating 
methods in the synthesis procedure to determine if there are any effects on the formation of 
the layered structures. 
The amount of the respective precursors (silica and alumina) to be used for a specific Si/Al 
ratio were calculated from the compositions given in Table 3.1 in section 3 and are given 
below in Tables 4.1-4.3 for the results presented below in Figures 4.1-4.9. For all samples 
presented below water (30 ml) is the solvent in which the alumina precursor is dissolved. The 
same amount of water is used in all samples irrespective of the starting composition, as the 
synthesis procedure involves a step that removes any excess water from samples. The 
different heating methods used are indicated in all figures. 
TEM images show that the materials formed are sheet-like or platy irrespective of the 
synthesis conditions (Figures 4.1-4.9). The platy crystals occur in different shapes, some 
appear to be coiling or folding up (Figure 4.5 (samples 18, 19) and Figure 4.9 (sample 35)). 
There are therefore undefined shapes of the sheets and sometimes what appears to be like 
rods. The plates also exhibit triangular shapes (Figure 4.7 (sample 28) and Figure 4.4 (sample 
58 
 
15)) and well defined hexagonal shapes (Figure 4.3 (sample 11), Figure 4.6 (sample 23) and 
Figure 4.8 (sample 31)). The sheets are stacked on top of each other, but are not directly 
linked above or below to the next sheets (Figure 4.1 (sample 2), Figure 4.3 (sample 10) and 
Figure 4.7 (sample 28)). These platy crystals also appear to slide apart relatively easy. 
Cracking or breaking of the sheets also appears to occur relatively easy (Figure 4.2 (sample 
6) and Figure 4.8 (sample 29)). Spherical crystals that are present have a well-defined outline. 
Unlike the platy crystals, the spherical crystals don’t appear cracked at all. As opposed to the 
larger spheres which appear to exist as individuals, the small spheres occur in groups 
composed of a great number of individuals (Figure 4.5 (sample 20)). The spheres always 
occur in association with the other morphologies. In one sample they occur close to the rod-
like morphology, another case close to the hexagonally shaped crystals, the triangular shaped 
crystals and in more cases around the plates with undefined shapes. 
Looking at the results (TEM) in terms of the Si/Al molar ratios, a rough estimation by 
inspection shows that the Si rich molar ratios (3.96, 4.28) have less of the platy crystals and 
more of the other morphologies; whilst the Al rich molar ratio (0.28) favours the formation of 
the platy crystals. But in fact a closer look at the results shows that the spherical crystals 
occur in all products of the different synthesis conditions. From the above observations, it can 
be said that the Si/Al molar ratio exerts control on both the abundance and shape of the 
different morphologies. The hexagonal plates occur only in the samples with starting 
materials having the composition of pyrophyllite (Si/Al = 3.96). The rod-like morphology 
occurs only in Si rich molar ratios. Spherical crystals occur in greater numbers in the samples 
with the Si/Al molar ratio 4.28.  
Table 4.1: Sample names and amounts of precursors used in materials prepared using AlCl3 
and DCDMS as alumina and silica precursors respectively (Figures 4.1-4.3).  
Sample Composition 
(Si/Al) 
Amount of Si 
precursor (ml) 
Amount of Al 
precursor (g) 
Morphology 
formed 
1, 5, 9 0.28 1.09 4.3333 Platy 
2, 6, 10 1 5.05 3.2688 Platy 
3, 7, 11 3.96* 6.73 1.8533 Platy, 
hexagonal, rod-
like 
4, 8, 12 4.28 5.46 1.3996 Platy, spherical 
* Pyrophyllite composition. 
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Figure 4.1: TEM images of layered materials heated by the conventional method (CV), 
samples 1-4 from left to right. Sample 2 shows stacking of the plates, which clearly shows 
how the one sheet isn’t directly linked to the next one. Sample 4 shows the folding of the 
sheets which results in a rather undefined shape.  
 
Figure 4.2: TEM images of layered materials heated by the rapid heat method (RH), samples 
5-8 from left to right. Sample 6 shows the cracking of the sheets (near the centre of the 
image), triangular shaped sheets which occur with spherical crystals appear in sample 8. 
 
Figure 4.3: TEM images of layered materials heated by the forced heat method (FH), 
samples 9-12 from left to right. More than two sheets are stacked in sample 10, well defined 
hexagonal sheets that occur with rod-like crystals and a group of small spherical crystals 
occur in sample 11. Sample 12 shows well defined spherical crystals that occur near a large 
sheet and also small aggregates of an unknown morphology. 
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 Table 4.2: Sample names and amounts of precursors used in materials prepared using AlNO3 
and DCDMS as alumina and silica precursors respectively (Figures 4.4-4.6).  
Sample Composition 
(Si/Al) 
Amount of Si 
precursor (ml) 
Amount of Al 
precursor (g) 
Morphology 
formed 
13, 17, 21 0.28 1.09 3.6791 Platy, spherical 
14, 18, 22 1 5.05 9.1964 Platy 
15, 19, 23 3.96* 6.73 5.2155 Platy, hexagonal 
16, 20, 24 4.28 5.46 3.9391 Platy, spherical 
*Pyrophyllite composition. 
 
Figure 4.4: TEM images of layered materials heated by the conventional method (CV), 
samples 13-16 from left to right. Image scale bars are all 200 nm. Samples 13 and 16 show 
spheres near one of the plates, and sample 15 shows the stacking of the triangular shaped 
plates. Small aggregates of an unknown morphology occur in great numbers in sample 13.  
 
Figure 4.5: TEM images of layered materials heated by the rapid heat method (RH), samples 
17-20 from left to right. Image scale bars are 200 nm, 500 nm, 200 nm and 200 nm from left 
to right. Samples 18 and 19 show the folding of the plates which appears to result in the 
formation of rods. More of the groups of the spherical morphology near the plates in sample 
20.  
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Figure 4.6: TEM images of layered materials heated by the forced heat method (FH), 
samples 21-24 from left to right. Image scale bars are 200 nm, 200 nm, 1 µm and 200 nm 
from left to right. Sample 23 shows the stacking of the hexagonal plates. 
Table 4.3: Sample names and amounts of precursors used in materials prepared using AlCl3 
and APTES as alumina and silica precursors respectively (Figures 4.7-4.9).  
Sample Composition 
(Si/Al) 
Amount of Si 
precursor (ml) 
Amount of Al 
precursor (g) 
Morphology 
formed 
25, 29, 33 0.28 2.10 4.3333 Platy, spherical 
26, 30, 34 1 9.74 3.2633 Platy 
27, 31, 35 3.96* 12.98 1.8533 Platy, spherical, 
hexagonal 
28, 32, 36 4.28 10.53 1.3996 Platy, spherical, 
rod-like 
*Pyrophyllite composition.  
 
Figure 4.7: TEM images of layered materials heated by the conventional method (CV), 
samples 25-28 from left to right. Image scale bars are 2 µm, 1 µm, 1 µm and 200 nm from 
left to right. 
62 
 
 
Figure 4.8: TEM images of layered materials heated by the rapid heat method (RH), samples 
29-32 from left to right. Image scale bars are 200 nm, 1 µm, 1 µm and 200 nm from left to 
right. More of the well-defined hexagonal plates that occur with spherical crystals in sample 
31. 
 
Figure 4.9: TEM images of layered materials heated by the forced heat method (RH), 
samples 33-36 from left to right. Image scale bars are all 200 nm. Sample 35 clearly shows 
the folding of the sheets, and sample 36 shows large groups of the spherical crystals and a 
large rod occurring with the plates. 
The use of SEM further gave an important contribution to understanding the type of 
morphologies formed in the products of the different synthesis conditions and the surface 
structure of the plates. Figure 4.10 shows the rod-like and the platy morphology observed in 
the TEM images. A closer look to the rod and plate shows that the surface texture of both 
morphologies has a compact appearance. SEM also confirms the stacking of the plates and 
the occurrence of the triangular shaped plates. SEM reveals another morphology which could 
possibly be the small aggregates of an unknown morphology that appears in Figure 4.4 
(sample 13) and Figure 4.3 (sample 12) or possibly what appears to be spheres in the above 
TEM images. The newly revealed morphology appears to be lath crystals which occur in 
rose-shaped aggregates or large clusters. The rose-shaped aggregates could easily be 
mistaken for spherical crystals, they show the aciculate part of the lath crystals which are 
connected by very thin membranes in Figure 4.13 when viewed at a higher magnification. 
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The thin membranes give the aggregates a flake-like appearance. Furthermore, SEM shows 
the cracking of the sheets which appears clearly on the surface of the sheets.   
 
Figure 4.10: SEM images of the sample heated by the conventional method (CV), prepared 
using AlCl3 and DCDMS as the alumina and silica precursors respectively. Sample prepared 
in the Si/Al molar ratio 3.96. Sample shows a large rod near a plate also observed in sample 
36 in Figure 4.9. Image on the right is on a higher magnification showing the compact surface 
texture.  
 
Figure 4.11: SEM images of the samples heated by the CV (left) and RH (right) methods, 
prepared using AlCl3 and DCDMS for sample on the left and AlNO3 and DCDMS for sample 
on right. Both samples are prepared in the Si/Al molar ratio 3.96. Sample on the left shows 
the stacking of the plates, sample on the right shows the triangular shaped plates observed in 
the above TEM images.  
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Figure 4.12: SEM images of the sample heated by the RH method, prepared using AlNO3 
and DCDMS as the alumina and silica precursors respectively. Sample starting materials 
prepared in the Si/Al molar ratio 3.96. Sample shows lath crystals occurring in rose-shaped 
aggregates which sit on or near plates.  
 
Figure 4.13: SEM image of sample heated by the FH method, prepared using AlNO3 and 
DCDMS as the alumina and silica precursors respectively. Sample starting materials prepared 
in pyrophyllite composition. Sample shows rose-shaped aggregates showing aciculate part of 
the crystals connected by very thin membranes. Image on the right shows what appears to be 
a plate that is packed with the large clusters of the lath crystals. 
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Figure 4.14: Samples heated by the CV(left) and RH (right) methods, prepared using AlCl3 
and DCDMS (left) and AlNO3 and DCDMS (right) as the alumina and silica precursors 
respectively. Sample starting materials were both prepared in the pyrophyllite composition. 
Sample on the left shows more of the rod-like morphology and the sample on the right shows 
the cracking of the plates on their surface and a few spherical crystals near the lath crystals 
sitting on the surface of the plate. 
The above microscopic observations show that irrespective of the synthesis conditions, 
products formed have a sheet-like or platy morphology. In contrast to the work done by 
Saverio et al. (1995), the platy morphology is favored by the Al-rich ratios and the Si-rich 
ratios have less of the sheet-like material and more of the other associated morphologies. As 
mentioned above their work made use of the hydrothermal method, which involves the 
crystallization of substances at mild/low temperatures and relatively high vapour pressures. 
Their work also makes use of different Si/Al molar ratios to those of the current work in the 
starting materials. The current study makes use of the resin-gel synthesis method, which 
involves the crystallization of substances at mild temperatures and at atmospheric pressure. 
The synthesis conditions in the current study and those in the work of Saverio et al. (1995) 
are clearly different, hence the difference in results. However, it is known and evident in this 
work that the synthesis conditions influence the type of morphology formed. Miyawaki et al. 
(1993) suggest that one of the reasons for this is due to the composition and structure of the 
starting gels.  
Many researchers have done work on the spherical morphology occurring in the synthesis of 
platy crystals (Zhang et al., 2010). Huertas et al. (1993) observe that the amount of 
spherulitic particles depends on the temperature, time and chemical composition of the 
starting materials. Furthermore, Miyawaki et al. (1992) and Fiore et al. (1995) suggest that 
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the spherical particles occurring in the early stage of crystallization change to platy crystals 
with increasing reaction time. Under hydrothermal conditions, the first stage of crystallization 
transforms the gels into spherical crystals. The second stage corresponds to the formation of 
platy crystals from the solutions. Hence, it is possible to observe spheres and platy crystals at 
the same time as the spheres may nucleate at different times. It is clear that spheres are 
unstable and dissolve at a rate dependent on time. Work by Huerta et al. (1999) also show 
that the formation of platy crystals proceeds in two stages. They observe that the platy 
crystals are formed during the first stage, and the second stage forms hexagonally shaped 
platy crystals.  
The current work shows spherical particles associated with platy, rod-like, lath-like and 
hexagonal crystals. A similar observation is in the work of Rayner (1962), De Kimpe et al. 
(1964) and Rodrique et al. (1974). The observations of the current study and the mentioned 
authors, is not an unusual occurrence of the morphology of crystals. This is because the 
formation of such peculiar morphology is also reported by several authors (Tomura et al., 
1985, 1993; Huertas, 1991; Huertas et al., 1993). It is still clear that the mechanisms of 
growth for the formation of different morphologies for synthetic clay minerals are not yet 
established. Researchers have to embark upon observing synthetic products. 
 4.2 Thermal analysis of layered structures 
The overall TGA behaviour of the layered materials can be presented by Figure 4.15. 
Thermogravimetric analysis of the layered materials indicates a gradual mass loss up to 900 
°C. The mass loss data is calculated from the TGA plot below and is shown in the table 
below. The gradual mass loss can be divided into two parts, the loss of surface water and 
structural water. The mass loss begins at about 50 °C; it gradually increases with increasing 
temperature and becomes very important in the ranges 100-200 °C, 400-500 °C and 500-600 
°C (Figure 4.15, Table 4.4)). Above these temperature ranges the mass losses become similar 
and are a minimum above 600 °C. 
The mass loss at the low temperature (103 °C) as shown by the derivative plot can be 
attributed to the loss of surface water effects and the other at about 512 °C can be attributed 
to the loss of structural water (Figure 4.15). The origin of the low mass losses at temperatures 
above 600 °C obtained in the table below can be attributed to the remainder of the structural 
water. The structural water results from the dehydroxylation process, where this process 
liberates water and results in the formation of a dehydroxylate product through the reaction of 
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two OH groups that are adjacent to each other on an Al octahedron. The general accepted 
concept of this process occurs by transferring a proton from one OH group and migration of 
this proton to an adjacent OH group to form a water molecule. However, this process can also 
take place by the diffusion of protons or proton hopping, which involves the reaction of non 
adjacent hydroxyl groups. The process of dehydroxylation is considered to be homogeneous 
if it results from the reaction of two adjacent hydroxyl groups (Sanchez-Soto et al., 1989). 
This process is known to occur within the temperature range 500-900 °C for pyrophyllite as 
observed by Ling Wang et al. (2002). The chemical reaction scheme of this process can be 
shown as follows:  
2OH- = O2- + H2O(g) 
On further heating at higher temperatures, the mass loss increases significantly in comparison 
to the low temperature mass loss (Table 4.4). This can be attributed to that two different types 
of waters are decomposed at these temperatures as mentioned and described above. The total 
mass loss of 32.45 % for the layered materials does not agree with that of ideal pyrophyllite.   
 
Figure 4.15: TGA (blue) and TGA derivative (black) plot for the layered material of the 
Si/Al ratio 3.96 (equivalent to pyrophyllite composition), prepared using the sources AlCl3 
and DMDCS and heated by the FH method. 
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Table 4.4: Calculated mass losses (%) at different temperature ranges from TGA plot above. 
50-
100 
°C 
100-
200 °C 
200-
300 °C 
300-
400 °C 
400-
500 °C 
500-
600 °C 
600-
700 °C 
700-
800 °C 
800-
900 °C 
Total 
mass loss 
(%) 
2.99 3.47 1.94 2.1 9.95 9.06 0.99 0.98 0.97 32.45 
 
Figures 4.16-4.18 shows that irrespective of the precursors used, the materials have the same 
thermal behaviour. This implies that the precursors are converted completely to form the final 
materials and that the properties of the materials are independent of the chemistry of the 
solution in which they are made. 
The materials heated by the conventional method appear to have an additional decomposition 
of the materials that occurs at about 340 °C (Figure 4.19). In addition to this these materials 
have a higher mass loss in comparison to materials heated by the other two heating methods. 
Figure 4.16 and Figure 4.17 show this clearly as the red curves are lower than the two other 
curves (have less samples left after TGA run). This could be due to that the different heating 
methods expose the gels to different thermal gradients during pyrolysis. The samples burned 
by the conventional method are less forced to burn, samples auto-ignite when placed in a hot 
sandbath. Figure 4.20 shows that the materials with different compositions also thermally 
behave similarly, differences are in the mass losses of the curves. The most likely explanation 
for these results are that the samples in the conventional heat do not proceed as far in their 
burn cycle as those under forced or rapid heat conditions. Therefore it is likely that there is a 
small amount of unreacted precursor material or polymer that remains in the samples. 
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Figure 4.16: TGA plots for the layered materials of the Si/Al ratio 3.96 (equivalent to 
pyrophyllite composition), prepared using the sources AlCl3 and DMDCS and heated by the 
methods presented in figure. 
 
Figure 4.17: TGA plots for the layered materials of the Si/Al ratio 3.96 (equivalent to 
pyrophyllite composition), prepared using the sources AlNO3 and DMDCS and heated by the 
methods presented in figure. 
70 
 
 
Figure 4.18: TGA plots for the layered materials of the Si/Al ratio 3.96 (equivalent to 
pyrophyllite composition), prepared using the sources AlCl3 and APTES and heated by the 
methods presented in figure. 
 
Figure 4.19: TGA (red) and TGA derivative (black) plot for the layered material of the Si/Al 
ratio 3.96 (equivalent to pyrophyllite composition), prepared using the sources AlCl3 and 
APTES and heated by the CV method showing the additional decomposition of the materials. 
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Figure 4.20: TGA plots of the layered materials heated by the RH method, and prepared 
using AlCl3 and DCDMS as the alumina and silica precursors respectively.  
Further thermal analysis of the samples by DSC showed some correlation to the TGA 
analysis and confirms the gradual mass loss of the samples. The DSC figure shows two broad 
endothermic peaks in the 25-300 °C and 300- 450 °C regions and a broad shoulder effect at 
about 470 °C (Figure 4.21). The first endothermic peak can be attributed to the loss of the 
surface water and the second one could be the additional decomposition of the materials that 
is only defined in the TGA of materials heated by the CV method. This additional 
decomposition is not well defined in the TGA plots of the materials heated by the other two 
heating methods, as only one mass loss occurs within the temperature ranges below 500 °C.  
These observations clearly correlate to the above selected TGA plots. The shoulder effect is 
due to the loss of the last of the hydroxyl groups which are very strongly retained in the 
structure of the materials. The DSC plot records only till 500 °C; therefore, it can only be 
speculated on what occurs beyond this temperature. The previous statement is not necessarily 
true as the selected TGA plots do show what occurs above 500 °C. The TGA plots show that 
at about 512 °C there is a significant mass loss of the materials that occurs. Thus, the DSC 
plot further correlates to the TGA plots as it appears as though another endothermic peak is 
forming at about 500 °C. Therefore, it appears as there is an additional decomposition of the 
material that occurs subsequently with the loss of structural water as confirmed by a DSC 
measurement.  
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Figure 4.21: TGA (blue) and DSC (black) plot for the layered material of the Si/Al ratio 3.96 
(equivalent to pyrophyllite composition), prepared using the sources AlCl3 and DMDCS and 
heated by the FH method. 
To clearly see the processes that take place during thermal treatment the study made use of 
XRD. The temperatures indicated in the figure below indicate the temperatures at which the 
heating of the samples stopped and thereafter allowed to cool to room temperature. The 
materials show that new phases crystallize at about 900 °C, whereas at temperatures below 
900 °C no changes occur in the characteristic XRD pattern of the as-prepared material. This 
means that the temperatures at which the materials are exposed to in TGA are temperatures 
above dehydroxylation, but below those leading to complete destruction of the structure of 
the materials. The dehydroxylation process does destroy the structure of some clay minerals, 
but that of di-octahedral (TOT) minerals are preserved (Heller-Kallai, 2006). This means that 
the materials formed in this study could be di-octahedral minerals like pyrophyllite, thus are 
like pyrophyllite. Therefore, as already mentioned above, the TGA of the materials only 
shows the loss of adsorbed water and hydration water (interlayer or structural water) of the 
materials. 
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Figure 4.22: XRD patterns of material heated by the FH method, prepared using AlCl3 and 
DCDMS as alumina and silica precursors respectively. Sample starting materials are prepared 
in Si/Al molar ratio 3.96. 
The XRD patterns of the calcined materials and of the as-prepared material have some 
common peaks (24 (2θ) and 31 (2θ) which occur in different intensities. The peak at the 
lower 2θ angle increases in intensity with increasing temperature. Given that this peak 
represents a single phase, this implies that this specific phase changes in volume at these 
temperatures as the total scattering from each plane of this phase’s crystal structure increases 
with increasing temperature. On the other hand the peak at the higher 2θ angle appears to 
decrease in intensity with increasing temperature and more significantly so from 1000 °C to 
1100 °C. The decrease in intensity of this peak also implies that there are volume changes, if 
this peak represents another phase it means that this specific phase is less stable at higher 
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temperatures. The occurrence of these common peaks means that these high temperature 
products are topotactically related to the as-prepared material; and this is known to be an 
indication of structural inheritance in solid-state reactions (Heller-Kallai, 2006). Differences 
in the calcined materials XRD patterns besides the increase and decrease in intensity of the 
common peaks are in that some peaks appear or disappear from one treatment to another. 
From the material calcined at 900 °C to that calcined at 1000 °C the peaks 19 (2θ), 36 (2θ), 
38 (2θ) and 41 (2θ) completely disappear. Also from the material calcined at 1000 °C to that 
calcined at 1100 °C the peaks 43 (2θ), 46 (2θ), 54 (2θ) and 59 (2θ) completely disappear. The 
complete disappearance of peaks at the different treatment could be due to that the specific 
phases are stable at the temperatures at which they occur and not at those at which they 
disappear. The peaks of the XRD patterns are not assigned as they did not match any of those 
of known materials in the database that was used for the search. This could mean that a new 
layered material has been formed.     
4.3 Physical and structural information of layered structures 
The N2 adsorption and desorption isotherms of the layered structures at -195.8 °C is similar 
to type 2 (Webb and Orr, 1997). The shapes of the isotherms indicate that the materials are 
mainly mesoporous solids meaning that they have relatively large pores that range within 2-
20 nm (Webb and Orr, 1997). The materials also contain micropores, as it is observed that 
adsorption also occurs at the low pressure region 0 < p/p0 < 0.2 (Figure 4.24). Figure 4.23 
below shows the classical shape of a gas adsorption isotherm and corresponding phenomena 
in clay minerals. All mesopores are filled up to p/p0 = 0.94. The single point surface area of 
the materials at p/p0 = 0.30 is 139 m2/g. The single point adsorption total pore volume of 
pores of the materials is 0.26 cm3/g. And the adsorption average pore width (4V/A by BET) 
is 7.17451 nm. Table 4.5 below gives the information of the sample discussed above and of 
other samples obtained from BET.  
All samples were pretreated by outgassing at 150 °C for 3 hours directly before 
measurements. This is to ensure that the surface of the sample is cleaned from adsorbed gases 
as they would interfere with nitrogen molecules that should adsorb to the surface (Sing et al., 
1985). Because the samples are outgassed under similar conditions, depending on the charge-
balancing cation in the interlayer space of the materials this can lead to different initial states 
before measurement due to variable water contents. This is important as given that the 
materials are swelling clay minerals, the surface area depends on the nature of exchangeable 
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cation, sample preparation and the adsorbate used (Michot and Villieras, 2006). The current 
study aimed at producing pyrophyllite-like materials, meaning that the materials are expected 
to have no charge-balancing cation in the interlayer space. Because the investigations in this 
study did not involve investigating the interlayer charge of the materials and the XRD 
measurements were not successful in their identification, the nature of the interlayer space of 
these materials is not known. 
Looking at the results in Table 4.5 below, the given surface areas of the samples range from 
38.8 m2/g to 141.0 m2/g. From the previous analysis discussions in the current study it is 
observed that the synthesis conditions do not affect the resulting materials and their behavior. 
Therefore, the only possible explanation for the difference in surface area since the materials 
are pretreated in the same way and the same adsorbate is used, is that the materials have a 
charge-balancing cation in their interlayer space. Assuming that this is the case, the 
difference in the surface area of the samples is due to the variable water contents in samples. 
The different water contents in the samples, means that the materials have varying number of 
sites available for the adsorption of nitrogen. Furthermore, water is an adsorbate that induces 
swelling in clay minerals, this makes things more interesting as the number of sites available 
for adsorption changes along the adsorption isotherm in a way that depends on the interlayer 
cation.   
The previous section in this study reveals that the materials lose adsorbed surface water and 
structural water at temperatures below 900 °C, and no complete destruction of the structure of 
the materials occurs here. Therefore, the outgassing temperature of 150 °C is well below the 
temperatures that could cause complete destruction of the structure of the materials. This 
temperature is well chosen as work done by Clausen and Fabricius (2000) shows that 
temperatures as low as 100 °C can lead to unwanted phase changes of some hydroxides and 
oxides. Aldcroft et al. (1968) also show the effect of increasing the outgassing temperature on 
some aluminium hydroxides. So generally, increasing the outgassing temperature increases 
the surface area of materials. This is due to the loss of adsorbed water molecules at the edges 
or surfaces of interlayers, making them available to nitrogen molecules (Aylmore et al., 
1970). Now if an outgassing temperature above 900 °C was chosen, because new phases 
form above this temperature the crystal lattice of the clay mineral is destructed. Therefore, as 
the layers of the material are collapsed at higher temperatures, nitrogen molecules cannot 
access collapsed layer thus, the surface area of the materials is decreased.    
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Table 4.5: Single point surface area and porosity of samples prepared using AlCl3 and 
DCDMS as the alumina and silica precurors respectively. Samples’ starting materials 
prepared in the Si/Al molar ratio 3.96. 
Sample name and 
heating method 
Surface area 
(m
2
/g) 
Pore volume (cm
3
/g) Pore size (nm) 
19 (RH) 38.8 0.1 13.1 
20 (FH) 141.0 0.2 7.0 
21(CV) 117.9 0.3 11.0 
22 (RH) * 79.1 0.1 7.2 
23 (FH) * 139.3 0.3 7.2 
* AlNO3 as the alumina precursor. 
 
Figure 4.23: Adsorption isotherm, general feature and corresponding phenomena. From 
Michot and Villieras, 2006. 
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Figure 4.24: Adsorption and desorption isotherms of N2 at liquid N2 temperature of sample 
heated by the FH method, prepared using AlNO3 and DCDMS as the alumina and silica 
precursors respectively. Starting materials are prepared in the Si/Al molar ratio of 3.96. 
Furthermore, to obtain more information on the structure of the materials Raman was done. 
The Raman spectra of the materials shows five Raman peaks at 452 cm-1, 1362 cm-1, 1581 
cm-1, 2272 cm-1 and at 3102 cm-1 (Figure 4.25). Figure 4.26 shows the raman spectra of 
samples prepared in different heating methods, samples show same Raman peak patterns, 
straight lines in the top three peak patterns result from noise that was detected during 
measurement. According to work done by Wang et al. (2002), the peak at 3102 cm-1 can be 
attributed to the stretching mode of OH or water in the materials. The number and types of 
sites crystallographically equivalent to OH groups and the types of cation occupancies around 
OH group sites, as well as the probabilities of the occupancies control the number of OH 
peaks, their positions and their relative intensities which differ with different minerals (Wang 
et al., 2002). The peaks 1362 cm-1 and 1581 cm-1 can be attributed to the stretching mode of 
the Si-Onb (Onb = non-bridging oxygen) in SiO4 tetrahedra. This could mean that the materials 
are di-octahedral as these peaks do not fall in the region of those of tri-octahedral 
phyllosilicates (1150-800 cm-1). The work by Wang et al. (2002) interprets this difference as 
effects of the higher covalency of the Alnb bond and higher electronegativity of Al
3+, 
therefore causing a lower fraction NBO < 1 (NBO = number of non-bridging oxygens) in di-
octahedral materials in comparison to NBO = 1 in tri-octahedral materials. The wide strong 
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peak centered at 452 cm-1 can be attributed to that the materials are Al-bearing rather than Fe-
bearing materials. MKcown et al. (1999) and Loh (1973) observe that peaks in the spectral 
region < 600 cm-1 arise from a complex set of translational, transitional and vibrational 
motions of cations in octahedral sites and in interlayer sites relative to the SiO4 groups in 
tetrahedral layers, the OH groups and the oxygens.  
The Raman spectra obtained in this current study is only discussed in three spectral regions. 
There are no peaks observed in the spectral region 800-600 cm-1. Peaks occurring in this 
spectral region are attributed to the vibrational modes of Si-Ob-Si bonds (Ob = bridging 
oxygen) which connect SiO4 tetrahedra that make up a single layer. Normally for di-
octahedral materials the equivalent Si-Ob-Si bonds peak occurs above 700 cm
-1. For tri-
octahedral materials a strong peak in the range 700-670 cm-1 shows for these vibrational 
modes. Only 2/3 of the octahedral layer sites of di-octahedral materials are filled with Al3+ 
cations. Because of the partial filling and that in tri-octahedral materials the Fe2+(0.83 Å) and 
Mg2+(0.78 Å) ionic radiuses are greater than that of the Al3+ cation, distortions of the 
octahedral and tetrahedral sites occur, resulting in the reduction of the T and O layer 
thickness, and changes in the Si-O bond length. Taking pyrophyllite and talc, di and tri 
octahedral phases as examples, Si-O bond length decreases by 0.05 Å from pyrophyllite to 
talc, which could be the reason for the shift to higher wave numbers of the Si-Ob-Si bond 
peak (Smyth and Bish, 1988). Therefore, given that the materials formed in this study are di-
octahedral and as it may be so according to the TGA and XRD observations, it is clear that 
the Raman peak patterns of such materials are very complex owing to the distortions of the 
octahedral and tetrahedral sites. Not enough work has been reported and written on the 
Raman spectra of phyllosilicates. These materials have highly variable compositions and 
complex structures. Therefore it is impossible to cover all ranges of compositions.   
79 
 
 
Figure 4.25: Raman spectra of sample heated by the RH method, prepared using AlCl3 and 
DCDMS as the alumina and silica precursors respectively. Starting materials prepared in the 
Si/Al molar ratio of 3.96. 
 
Figure 4.26: Raman spectra of samples prepared using AlCl3 and DCDMS as the alumina 
and silica precursors respectively. Samples starting materials were prepared in the Si/Al 
molar ratio of 3.96.  
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4.4 Study of raw pyrophyllite and the layered structures 
Some characterizations of raw pyrophyllite from Element Six South Africa were done for 
comparison reasons. This section includes some comments on the similarities and differences 
that exist between the given sample and the current work’s synthesis products.  The sample of 
the clay mineral had to be ground to a fine powder using a mortar and pestle in preparation 
for characterization by various techniques. The mineral is light grey in color, soft and can 
easily be scratched by the nail. 
4.4.1 Morphological study  
The TEM images obtained for the layered structures in this work have been described and 
discussed in Section 4.1. The TEM images of raw pyrophyllite show that the mineral consists 
of platy or sheet-like crystals. The sheets occur in hexagonal and triangular shapes and the 
mineral also occurs in the form of rod-like crystals. The rods occur near the sheets in lower 
proportions. It is clearly seen that the crystals are stacked and also appear to slide apart 
relatively easy. The morphology of the raw pyrophyllite and of the synthesized products of 
the current study is very similar without any important differences.   
  
 
Figure 4.27: TEM images of raw pyrophyllite showing the stacking of the sheets and 
hexagonally shaped sheets. Image scale bars are all 1 µm. 
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Figure 4.28: TEM images of raw pyrophyllite showing triangular shaped sheets and rod-like 
sheets (coiled or folded sheets into rods) occurring with the sheets. Image scale bars are all 1 
µm. 
SEM images show that the raw phyrophyllite morphology is medium-grained to coarse-
grained flaky parallel layers. The flakes are white in colour. SEM images also reveal what 
appear to be spherical crystals and rose-shaped aggregates of lath-like crystals that occur in 
lower proportions as compared to the flaky crystals (Figure 4.30 left side image).  Similar to 
the observations of the current study, SEM reveals the rose-shaped aggregates of the lath-like 
crystals. Overall the SEM study of raw pyrophyllite is very different to that of the current 
study.  
 
Figure 4.29: SEM images of raw pyrophyllite showing the white large and small flakes of 
the mineral. 
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Figure 4.30: SEM images of raw pyrophyllite showing what appear to be spherical crystals 
and rose-shaped aggregates of lath-like crystals. 
4.4.2 Crystallography and other structural information 
As expected the XRD patterns of the raw pyrophyllite sample show that the sample is 
crystalline (Figure 4.31). The peaks and the areas below them are well defined. HRTEM of 
the raw sample confirms that the mineral is highly crystalline. There is a high degree of order 
of atoms in the samples and the images also show the individual layers of the crystals of 
pyrophyllite. Each layer as described in an earlier section consists of two tetrahedral sheets 
that sandwich a gibbsite alumina layer. The observation of the individual layers of the 
crystals for the layered structures in this study was rather difficult to obtain and unsuccessful. 
The XRD patterns of the products of the current study show some level of crystallinity.  The 
HRTEM of these layered structures (Figure 4.32) shows that the materials are highly 
amorphous as the ordering of atoms only occurs in a small area of the sample. However, there 
are no similarities in the XRD peak positions of the layered structures and of raw 
pyrophyllite.  
83 
 
 
Figure 4.31: XRD patterns of raw pyrophyllite and of the synthetic layered structures 
produced in this work. 
 
Figure 4.32: HRTEM image of raw pyrophyllite showing the individual crystal layers. 
Model showing the layer structure and described in detail in the literature review section 3. 
Image scale bar is 5 nm. 
84 
 
 
Figure 4.33: HRTEM images of raw pyropyllite showing the high degree of order of the 
atoms in the sample. Image scale bars are all 5 nm. 
 
Figure 4.34: HRTEM image of the layered materials showing a small area of order of the 
atoms in the sample (area indicated by the circle). Image scale bar is 5 nm. 
Figure 4.35 below shows the Raman spectra of raw pyrophyllite and of the layered structures. 
The spectra are in very good agreement with each other, there are no major differences. The 
Raman spectra of the materials as already stated in an earlier section shows five Raman peaks 
at 452 cm-1, 1362 cm-1, 1581 cm-1, 2272 cm-1 and at 3102 cm-1. The Raman peaks of the raw 
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sample occur roughly similarly at 421 cm-1, 1346 cm-1, 1597 cm-1, 2115 cm-1and at 3197 cm-
1. The layered structures have a broader peak appearing above 3000 cm-1, this could mean 
that these materials have more adsorbed water as the peak represents water in the molecules. 
The other peaks have been discussed in detail in section 4.3 above. The peak in the 2000 cm-1 
region does not fall in any of the usefully discussed spectral regions in the literature.  
 
 Figure 4.35: Raman spectra of raw pyrophyllite and of layered structures. 
Furthermore, Figure 4.36 shows the N2 adsorption and desorption isotherms of raw 
pyrophyllite at -195.8 °C is similar to the type 3 (Webb and Orr, 1997). The convex shape of 
the isotherms is known to be caused by stronger adsorbate-adsorbate interactions rather than 
adsorbate-adsorbent interactions. This means that the adsorptive molecules have greater 
affinity for one another than they do for the material. These conditions are valueless in 
surface and pore analysis and are rarely encountered (Heister, 2013). Work by Gregg and 
Sing (1967) shows that the type 3 isotherms are obtained in certain porous adsorbents where 
the adsorbent-adsorbate interaction is very weak. The single point surface area of the raw 
pyrophyllite at p/p0 = 0.30 is 5.01 m2/g. The single point adsorption total pore volume of 
pores of the raw pyrophyllite is 0.02 cm3/g. And the adsorption average pore width (4V/A by 
BET) is 14.6 nm. The surface area of the raw pyrophyllite is much lower than that of the 
layered structures, meaning that the layered structures have a higher adsorption capacity. The 
Raman of raw pyrophyllite shows that the material contains some adsorbed water as 
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presented by the peak above 3000 cm-1. Since water is an absorbate that induces swelling, 
and since pyrophyllite is a swelling clay mineral, the surface area values of the clay mineral 
can be variable (Van Olphen, 1970). 
 
Figure 4.36: Adsorption and desorption isotherms of N2 at liquid N2 temperature of raw 
pyrophyllite. 
4.4.3 Thermal behavior  
Thermogravimetric analysis of raw pyrophyllite also indicates a gradual mass loss up to 900 
°C and possibly also beyond this temperature as the TGA curve does not flatten out (Figure 
4.37). Work by Sanchez-Soto and Perez-Rodriguez (1988) show that the gradual mass loss is 
up to about 1050 °C for a pyrophyllite sample from Hillsboro (USA). The TGA indicates 
adsorbed surface water and structural water. Mass loss at about 233 °C which begins at about 
100 °C can be attributed to the loss of adsorbed surface water, and the mass losses at 533 and 
655 °C can be attributed to the loss of structural water. The thermal behaviour of the 
materials produced in this work and that of raw pyrophyllite appears to be slightly similar. 
The layered structures and raw pyrophyllite both show loss of adsorbed surface water and 
structural water, but these phenomena for raw pyrophyllite occur at slightly higher 
temperatures. 
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Figure 4.38 confirms the gradual mass loss shown by the TGA plot. The DSC curve shows 
one big endothermic peak that can be attributed to the loss of adsorbed surface water, the 
peak appears to flatten out at about 450 °C and another is observed beyond this temperature. 
The DSC curve only goes up to 500 °C so no information can be obtained for the higher 
temperatures. But from the TGA plot it can be deduced that two endothermic peaks at the 
higher temperatures can be shown by a DSC that goes to higher temperatures.  
 
Figure 4.37: TGA (black) and TGA derivative (blue) plots for raw pyrophyllite. 
 
Figure 4.38: DSC plot of raw pyrophyllite. 
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4.5 Repeatability of the layered structures 
The reproducibility of the reactions in the resin gel synthesis method needed to be verified. 
Reactions of a few samples were repeated under the same reaction conditions. Reaction 
conditions include the amount of starting materials (alumina and silica precursors), water and 
polymer used and also the heating method. 30 ml of water was used and 30 g of polymer was 
used for all experiments. Table 4.6 below shows the detailed reaction conditions of the 
repeated runs. Repeats were prepared on a different month as the initial runs, so this means 
environmental effects such as the room temperature, humidity and pressure should be 
considered. Below are the TEM images of the first runs and their repeats, XRD peak patterns 
of the sample that showed some level of crystallinity and its repeat, a TGA plot and its repeat, 
and BET analysis of the first runs and of the repeats. 
Table 4.6: Detailed reaction conditions of the repeated runs, samples prepared using 
AlCl3/AlNO3 and DCDMS as the alumina and silica precursors respectively. 
Assigned 
sample name 
Composition 
(Si/Al) 
Amount of 
alumina 
precursor (g) 
Amount of silica 
precursor (ml) 
Heating method 
1 3.96 1.8533 6.73 RH 
2 FH 
3 CV 
4* 5.2155 RH 
5* FH 
*AlNO3 was used as the alumina precursor. 
TEM images show that the repeat samples have a sheet-like morphology, so the results 
appear to be reproducible in terms of the morphology of the materials. Likewise the size and 
morphologies of all the samples hold consistently, with the differences being due to the 
reaction conditions and not the reproducibility of the sample. 
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Figure 4.39: TEM images of sample 1, first run image (left) and repeat run image (right) at 
different magnificantions.  
 
Figure 4.40: TEM images of sample 2, first run image (left) and repeat run image (right). 
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Figure 4.41: TEM images of sample 3, first run image (left) and repeat run image (right). 
 
Figure 4.42: TEM images of sample 4, first run image (left) and repeat run image (right). 
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Figure 4.43: TEM images of sample 5, first run image (left) and repeat run image (right). 
The presented XRD patterns show that the original sample and its repeat have the same peaks 
occurring at the same peak positions, but the peak intensities of the repeat sample are lower 
than of the original sample. This could simply be due to that there is less total scattering from 
each plane of the phase’s or phases’ crystal structure of the repeat sample, meaning that even 
though the phase or phases occurring are the same as the original they occur in lower 
volumes.  
 
Figure 4.44: XRD peak patterns of sample 2. 
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Repeat TGA (Figures 4.44-4.49) confirmed the thermal behaviour of the materials. 
Differences in the TGA curve are due to the fact that all samples have variable water contents 
which affect the shape of the curve, thus also resulting in different total mass losses. Results 
also appear to be reproducible in terms of the thermal behavior of the materials in terms of 
the temperature of decomposition, even if the amounts vary. It is most likely that 
environmental factors played the most significant role in the amounts of water included, 
rather than the difference arising from the experiment itself. 
 
Figure 4.45: TGA plots of sample 1. 
 
Figure 4.46: TGA plots of sample 2. 
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Figure 4.47: TGA plots of sample 3. 
 
Figure 4.48: TGA plots of sample 4. 
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Figure 4.49: TGA plots of sample 5. 
BET results (Table 4.7) show more or less the same values of the surface area and porosity of 
materials. Overall considering that the majority have minor differences it appears that the 
environmental effects have impacted on the results. 
Table 4.7: Surface area and porosity of layered structures. 
Sample Surface area (m
2
/g) Pore volume (cm
3
/g) Pore size (nm) 
1  38.8 0.1 13.1 
Repeat(1) 69.8 0.2 13.7 
2  141.0 0.2 7.0 
Repeat(2) 161.6 0.3 7.6 
3 117.9 0.3 11.0 
Repeat(3) 149.3 0.2 6.4 
4  79.1 0.1 7.2 
Repeat(4) 65.5 0.3 16.9 
5  139.3 0.3 7.2 
Repeat(5) 148.1 0.2 6.4 
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5 Conclusions and recommendations 
5.1 Conclusions 
The aim of this research was to synthesise and characterise a layered clay mineral of a 
composition approaching that of pyrophyllite (i) without associated other minerals; (ii) at 
short reaction times; (iii ) mild temperatures; (iv) and at atmospheric pressure by the resin-gel 
synthesis method.  The following conclusions were drawn from the findings of the work: 
• Layered structures have apparently been made by the synthetic method of resin-gel 
synthesis. 
• The materials formed are sheet-like or platy irrespective of the synthesis conditions 
and are reproducible in terms of their morphology.  The plates occur in different 
shapes such as triangular and hexagonal shapes. 
• Spherical crystals are also obtained and are always associated with other 
morphologies in their occurrence. 
• The Si/Al molar ratio exerts control on both the abundance and shape of the different 
morphologies.  The hexagonal plates occur only in the samples with starting materials 
having the composition of pyrophyllite (Si/Al = 3.96).  The rod-like morphology 
occurs only in Si-rich molar ratios.  Spherical crystals occur in greater numbers in the 
samples with the Si/Al molar ratio 4.28. 
• Studies on the surface structure of the materials, show that the surface texture of the 
morphologies observed have a compact appearance.   
• The use of SEM further gave an important contribution to understanding the type of 
morphologies formed in the products of the different synthesis conditions, the 
technique revealed that lath crystals were also formed. 
• TGA of the layered structures indicate both adsorbed surface water and adsorbed 
interlayer water. 
• DSC analysis shows results correlating to the TGA analysis and confirms the gradual 
mass loss of the samples. 
• The materials crystallize into new phases at about 900 °C and temperatures above. 
• The dehydroxylation process does not destroy the structure of the materials. 
• Materials are highly amorphous or a new layered material has been formed as PXRD 
results are inconclusive in the determination of phase pure pyrophyllite or any other 
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phase or phases.  HRTEM confirms that the materials are highly amorphous as 
ordering of atoms of the materials occurs in a small area.  
• The materials formed are mesoporous solids which also contain micropores as 
indicated by the shapes of the isotherms obtained from BET measurements. 
• The morphology of the raw pyrophyllite and of the synthesized products of the 
current study is very similar without any important differences. 
• The Raman spectra of raw pyrophyllite and of the layered structures are in very good 
agreement with each other, there are no major differences.   
 
5.2 Recommendations 
• An Energy Dispersive X-ray analysis (EDX) should be done to determine the 
elemental composition of the materials as the PXRD analysis was inconclusive in 
determining the phase or phases present in the structure of the materials. 
• More repeat runs should be done on samples of the same reaction conditions to have a 
more confirmatory reproducibility study.  And to ensure that environmental effects do 
not impact on the results of the reproducibility study the experiments should be done 
at least on the same day. 
 
 
 
   
 
